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ABSTRACT 
Density, ultrasonic velocity and viscosity of O.IM urea solution and those of the 
different concentrations of leucine, sodium chloride, and potassium chloride in 0.1 M 
urea solution were measured at several temperatures in a thermostated bath of ji0.1° 
thermal stability. 
The density data showed the usual trend with changes in concentration and 
temperature. These were least-squares fitted to the equation, p = a^  + a^ t + d^^. The 
parameters thus obtained were employed in calculating the densities at the desired 
temperatures. The ultrasonic velocity showed the usual trend with changes in concentration 
and temperature. These data were also least-squares fitted to the equation, U = Ug+U^ t + \1^. 
Adiabatic compressibility, (3^ , was obtained by using the density and ultrasonic velocity 
data. The ultrasonic velocity is highest for the highest temperature and increases with 
increase in concentration while the adiabatic compressibility is lowest for the highest 
temperature of study and decrease with increase in solute concentration. The decrease in 
Pg with the solute concentration is much higher in NaCl and KCl solutions when compared 
with that of leucine. This may suggest that the intermolecular/interionic interaction in 
leucine-aqueous urea is less than those in NaCl-aqueous urea and KCl-aqueous urea systems. 
In order to see qualitatively the deviation from ideal mixing the change in adiabatic 
compressibility, A P = P -^ P^ ,^ as well as the corresponding relative change, Ap /p^ ,^ were 
obtained. The plots' intercepts are in the vicinity of zero indicating weak interactions 
being the cause of deviation from ideal mixing. In order to get a sort of extent of deviation 
from ideal mixing, the above equations for Ap and Ap/p^^ were modified in terms of n' 
and n apparently associated with the extent of deviation. In addition, specific acoustic 
impedance values were also obtained. 
II 
Surface tension, isothermal compressibility, internal pressure, solubility parameter 
and Pseudo-Gruneisen parameters were evaluated. Surface tension showed linear or almost 
linear behaviour with solute concentration and was found to increase with increases in 
concentration as well as temperature. Isothermal compressibility, on the other hand, showed 
decrease with increases in concentration and temperature. The overall increasing trend in 
the values of internal pressure with increase in temperature may apparently be attributed 
to a decrease in the repulsive forces among the components of the system. Similarly, the 
increasing trend in the solubility parameter with increase in temperature may be attributed 
to an increase in the cohesive energy density. The Pseudo-Gruneisen parameter has been 
found to decrease with increase in temperature. This may be associated with an increase 
in the kinetic energy of the system. 
In addition, the hydration number was also calculated. These values indicate that 
the number of water molecules decreases with increase in temperature and approaches an 
almost constant value at higher temperatures. In general, in dilute solutions the hydration 
number is higher compared to those of the higher solute concentrations. 
Apparent molal volume, viscosity, relative viscosity and rheochor values were 
also determined for the said systems under investigation. The apparent molal volume 
values were least-squares fitted to a linear equation, (|) = ())^  + Sm, while viscosity values 
were least-squares fitted to equation, r] = ri^  + r|^ C + r\f^. The values of relative viscosity 
suggest the presence of solute-solvent interaction. The effects of interaction shown by 
viscosity and molar volume appear in rheochor. 
Thus, the above aspects dealt with in the first part of the thesis signify the importance 
of dilute urea medium in studying the weak interactions in the systems under investigation. 
In addition to the importance of urea in the living beings, the transport of ions 
across the biomembranes being equally important led to have preliminary investigations 
in the selective diffusion of NaCl, KCl and Na^HPO^ across the pericardial membrane of 
young buffalo. This is given in Part II. It is noteworthy that the conductance values of the 
two compartments across the biomembrane are different even though the same solution 
was placed on the two sides of the membrane. The diffusion is not only selective but also 
quite fast. In order to get some of the details of diffusion, the available data on specific 
conductance of aqueous solutions of NaF, NaNOj, NaCl, Na^ SO ,^ KF, KNO3, KCl, K S^O ,^ 
MgCI ,^ FeClj, CrClj, CuCl ,^ CoCl ,^ MnCl ,^ and CaCl^  across the peritoneal membrane 
of young buffalo were analysed. 
The results indicate that the conductances decrease with increase in solute 
concentration. The data were analysed by least-squares fitting them into the regression 
equations. With increase in salt concentration the slope of the relevant plots decrease 
successively. Such a behaviour may suggest that less pores may be available for diffusion 
at higher concentrations. 
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INTRODUCTION 
There has been a lot of active interest in the study of intermolecular / inter-
ionic interactions [1], such as solute-solute, solute-solvent, ion-ion (solvated or 
otherwise), ion-solvent, and solvent-solvent interactions. Water happens to be the most 
common solvent used in such studies apparently because of its availability. It accounts 
for about 70% of the cell weight and most of the intracellular reactions take place in 
aqueous medium only. It happens to be unique in its properties / behaviour exhibiting 
one of the highest dielectric constant values and in being one of the most polar 
solvents. It has a very high heat capacity value as well as a high heat of vaporisation as 
do other liquids capable of hydrogen - bonding. In addition, it has a high value of 
surface tension as well as a higher density than that of ice at the standard temperature 
and pressure. It is noteworthy that ice floats because of its positive volume change 
upon freezing and the insulating effect of the ice layer prevents the lakes from turning 
too cold to support life. These properties are closely associated with the cohesive 
nature of water. The high value of conductivity of liquid water as well as of ice have 
been attributed to the presence of an ordered structure and its unique behaviour to the 
presence of extensive hydrogen-bonding (of the order of-20 to -30 kJ/mol [2] ascribed 
to weak bonds) among water molecules. 
STRUCTURE OF WATER: Even though the water molecule is neutral, its 
electrons are asymmetrically distributed between the oxygen and the hydrogen nuclei. 
As a resuh of electrons being drawn toward oxygen, leaves the hydrogen atom with a 
small net positive charge on its nucleus. The excess of electron density on the oxygen 
atom creates weak charges at the two comers of a hypothetical tetrahedron. Because of 
the tetrahedral arrangement of electrons around the oxygen atom, each water molecule 
is capable of hydrogen bonding with four neighbouring water molecules (Fig.l). The 
structure of water proposed by Samoilov [3] and supported by Danford and Levy [4] 
consists of a network in which each molecule is tetrahedrally coordinated. Such a 
structure is quite bulky, and has spaces within the framework of molecules, which are 
quite large and can accommodate additional water molecules, which interact with the 
framework (Fig 2). Water is regarded as an equilibrium mixture of two structures, an 
ice-like structure and a close-packed structure [5]. As the temperature increases, the 
cluster part of water decreases. This results in a decrease in the structural 
compressibility, at the same time, the molecular distance increases with increase in 
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Fig. 1: a(i), Molecular orbitals of water; a(ii) perpendicular axis; (b) water showing H-bonds; (c) 
tetrahedral bonding; (d) symmetric stretching, bonds' deformation, and asymmetric stretching 
modes of vibration and their effects on hydrogen bonds. 
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Fig. 2 (a) Structure of ice at 273 15 K and 1 atm.; (b) tetrahedral array showing hexagonal 
stracture; and (c) water/small molecule can fit inside the spaces of the hexagonal arrays 
temperature due to increase in thermal motion, which causes increase in 
compressibility as a result of compression of the free spaces between the non-
associated water molecules. These opposite effects lead to a minimum of 
compressibility at higher temperatures. 
The cluster expansion for the hydrogen-bonded fluids such as water and a 
theory of the anomalous thermodynamic properties of water were reported by Dahl and 
Andersen [6]. The contribution of hydrogen-bonds to bulk and surface thermodynamic 
properties of dimethyl sulphoxide-water mixtures was reported by Luzar [7] while a 
neutron diffraction study of dimethyl sulphoxide-water mixtures was reported recently 
by Soper and Luzar [8]. 
In addition to dimer; trimer, tetramer, pentamer, as well as hexamer structures 
were established for water. The hexagonal arrays of water are quite large with large 
empty spaces within the hexagonals, which could be occupied by small molecules such 
as water monomers or other non-charged small molecules, even if they are 
hydrophobic (Fig.2). Under the conditions of high pressure and low temperature, an 
entire second hexagonal array can be created within the spaces of the first array. Such 
an array having molecules trapped within the ordered structure will exhibit a higher 
density than the corresponding/comparable structure with empty spaces. Thus, the 
water molecules can penetrate into the hexagonal structure of ice under the conditions 
of high pressure, or into the less regular, but still hexagonal structure of liquid water 
There is still controversy as to the actual structure of liquid water. A number of 
proposed models differ largely in their mathematical treatments. Most of them treat 
liquid water as a mixture of distinct states of aggregates / structures or as a continuum 
of structures. It is noteworthy that all the models share a common feature of being 
based upon the presence of an extensive degree of hydrogen bonding between water 
molecules and take into account the strong dependence of the hydrogen-bond energy 
on the configuration of the bond. This hydrogen-bonded structure leads to a bulk water 
state with a very high value of entropy and to a much lower entropic state when single 
molecules are isolated from the bulk. A particular water molecule in the bulk structure 
cannot be identified with certainty. The most widely accepted model, given by Frank 
and Wen [9], is the flickering cluster model according to which, the cooperative 
character of several hydrogen bonds through energy fluctuations results in the 
formation and disruption of clusters. Similarly, the Klotz model [2] proposes a single 
class of water molecules, all of which are considered to behave identically. 
Consequently, a continuum of a hydrogen-bonded species exists in which bonds are 
constantly being formed and broken between the several probable but indistinguishable 
molecules. On the one hand, the mixtures of defined clusters or aggregates with non-
hydrogen-bonded species (i.e., two different types of water, bonded and non-bonded) 
are not compatible with the data. On the other hand, the flickering/ fluctuating cluster 
of Klotz's model may be characterised by the constantly changing association and re-
association of groups of 50 to 70 water molecules the life of which is too short to 
identify them. Such a short lifetime approaching 10"'^  sec may even shorten as the 
temperature increases. In view of the existing controversy, it is sufficient to regard all 
the models as essentially "mixture" models, in which the structure of water is treated as 
a dynamic fluctuating, assembly of water molecules at different states of hydrogen 
bonding. The differences between the models lie in the size, extent, and degree of 
deformation of the hydrogen-bonded component(s) of the mixture, since as Franks has 
shown; there is cooperativity between the hydrogen bonds. Hydrogen bonds in liquid 
water are weaker than in ice. It is noteworthy that this structured water plays a 
significant role in understanding the solvent-solute and solute-solute interactions. 
STRUCTURE OF WATER IN-DEPTH. Water clusters have been extensively 
studied theoretically as well as experimentally in recent years [10-11]. One of the main 
objectives of these studies has been to develop a molecular-level understanding of 
solvation processes. Both experiments and theoretical calculations provided 
information regarding the structural and energetic properties of small water clusters, 
with typically six or fewer water molecules. Such studies have established the cyclic 
planar minimum-energy structures for the water trimer, tetramer, and pentamer while 
the water hexamer exhibits three -dimensional structures, with several isomers having 
nearly degenerate energetic property [12]. Jordan et al. [13], have established the cubic 
structure as the lowest energy configuration for the water octamer. Recently, Dang et 
al. [14] developed a water polarisable model that describes reasonably well the 
properties of liquid and liquid structure, especially of water clusters with n = 1 to 6 
(Fig. 3). In addition, it accounted for the transition of the water hexamer from a planar 
structure to that of the three-dimensional network observed in liquid water. The 
polarisation effects in these clusters are quantified by comparing the average water-
monomer dipole moment as a function of water molecules. The computed resuhs are 
consistent with the recent theoretical calculation [15]. With a view to further 
characterising the water clusters. Dang [16] reported the additional molecular 
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Fig. 3(a): Water clusters, (H20)n=2,3,4, &5, (b) four lowest energy structures of water hexamer; and 
(c) snapshots of instantaneous structure of water licpiid / vapour interface. Dark colour corresponds 
to O- and H-atoms at the surface while the light colour corresponds to O- and H-atoms at the bulk. 
dynamics' results, which indicate the presence of water octamer, nanomer, and 
decamer in the system (Fig.4). The lowest energy-minimum structures for the water 
nanomer and decamer have not yet been established. The structures of the water 
octamer were characterised and the lowest minimum-energy structures studied using 
the molecular dynamics methods. The lowest-energy minimum, with D2d symmetry 
was found for this cluster, which was dominated by 3-coordinated water molecules 
[Figs.4 a (i) & (ii)]. The second lowest-energy minimum, S4, was derived /obtained 
from the D2d structure by orienting the H-bonds in the two tetramer sub-units so that 
they both go in the same direction. The energy separation between these two isomers is 
0.14 kcal/mol which is quite small and the averaged dipole/monomer for both octamers 
is 2.582 D. The oxygen atoms do not form a perfect cube, but distorts to accommodate 
the shorter H-bonds [13]. The Did and S4 structures each have 12 H-bonds, four in each 
of the two-tetramer sub-units and four bridging the two tetramers such that one H-bond 
is present along each edge. In addition, the computed 0-0 distances are longer (2.85 vs 
2.72 A) for the ADD (acceptor-donor-donor) - AAD (acceptor-acceptor-donor) than 
the corresponding AAD-DDA combinations / associations. These molecular dynamics 
results for the octamer isomers are in excellent agreement with those obtained 
theoretically by Jordan and co-workers [13] by employing the density functional theory 
calculations, There is also recent spectroscopic evidence for the two octamer isomers 
in water octamer / benzene complexes [13]. 
The lowest minimum-energy structure for the water nanomer can be described 
as the formation of two rings (a pentamer and a tetramer) connected by four H-bonds 
as shown in Fig. 4(b). As in the octamer Did case, the OH bonds within the two rings 
are oriented in the opposite direction. The structure can be viewed as a cube with one 
extra water molecule forming a handle, and is denoted as a "basket" [17], Similarly, 
Dang [16] found two lowest-energy structures for the water decamer [Fig.4(c)]. The 
first minimum-energy structure consists of two pentamer rings forming a cage through 
five H-bonds as shown in Fig. [4(c-i)]. This structure has a total of 15 H-bonds. The 
second minimum-energy structure [Fig.4 (c-ii)] can be described as a cube with two 
additional water molecules inserted at opposite edges. This structure, which consists of 
14 H-bonds, can be viewed as two pentamer rings displaced with respect to each other 
and stabilised through four H-bonds. The calculated energy of the isomers indicated in 
Fig.4 [(c-ii)] is 4 kcal/mol above the Fig; [4(c-i)]. The inclusion of the classical zero-
point energy reduced the gap to 2.8 kcal/mol. Thus, Dang's classical model indicated 
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Fig. 4: Minimum- energy structures for the (a) two isomers of octamer; (b) a nanomer; and (ft) 
two isomers of decamer. 
that the cage structure is the most stable isomer. Similar lowest minimum-energy 
structures for the decamer were obtained using rigid body diffusion Monte Carlo 
(RBDMC) method with a different polarisable model for water [18]. However, recent 
evidence from an infrared spectroscopy study of water clusters suggests that the 
structure shown in Fig. [4 (c-ii)] is more stable than the cage structure. 
In summary. Dang has evaluated the structure and energetic properties of water 
clusters with n = 8,9,andl0 using his water model and compared these resuhs with 
those of the electronic structure theory calculations as well as experimentally measured 
values. The Dang's model not only reasonably reproduced the properties of the water 
octamer, nanomer, and decamer, but also provided additional insight into the 
intermolecular interaction in water clusters at the molecular level. 
UREA: A lot of work has been reported involving the bio-molecules. Urea is 
an important bio-molecule and is a metabolic product of higher animals. About 6-20 
grams of nitrogen derived from the amino groups of amino acids is daily excreted in 
urine in the form of urea. Urea is a non-electrolyte and hydrophilic water structure 
breaker [19-21], It is a physiologically important compound and possesses some 
double bond character in its C-N bond due to resonance: 
H2N—C—NH2 o H2^ = C—NH2 <^ H2N—C =-Nll2 
O O O-
Aqueous urea and its derivatives are important solvents and have a wide range of 
applications [22]. It causes protein and nucleic acid denaturation. Specific interactions 
of urea with a molecule or changes in the solvent structure may be responsible for the 
denaturation process. 
DIFFERENT VIEWS ON THE EFFECT OF UREA ON THE STRUCTURE 
OF WATER: The traditional explanation for the denaturation of globular proteins by 
urea in being able to form stronger hydrogen bonds with peptide groups than water was 
not acceptable [23-28]. The major force stabiUsing the globular structure is believed 
instead to be the hydrophobic force, which arises from the unfavourable interaction 
between the non-polar parts of a protein molecule and water [29-30]. Thus, a good 
denaturing agent is expected to be one, which weakens the hydrophobic forces rather 
than inter-peptide and other hydrogen bonds. Urea seems to be able to play this role as 
suggested by Waugh [31]. This view has been supported by Bruning and Holtzer [32]. 
10 
Urea also decreases the stability of detergent micelles in water. The basic assumption 
that urea forms stronger hydrogen bonds than water was shown to be highly 
questionable by the studies of Klotz and Franzen [33], This led Tanford and coworker 
[34] to study the solubility of amino acids and related compounds. The data as a whole 
account for the denaturating action of urea on globular proteins. This is being due to 
stabilisation of the unfolded form of a protein molecule, both by diminishing the 
hydrophobic interaction between the non-polar groups and water and by increasing the 
affinity of the solvent for amide and peptide groups. 
Frank and Franks [35] considered urea as a structure breaker in its aqueous 
solution. In previous applications of structural models to the interpretation of the 
properties of aqueous solutions, the concept of the multi-constituent nature of water 
has not been carried to its logical conclusion. Thus, Frank and Quist [36] specified that 
hydrocarbon molecules could only occupy interstitial sites in a clathrate lattice, 
whereas Nemethy and Scheraga [37] made no use of the concept of interstitial solution. 
They rather imposed the statistical condition that a solute molecule would 
preferentially be found at interface between a hydrogen- bonded cluster and the non-
bonded, monomeric water. In this model the concept of water as a mixture is extended 
to the ways in which solutes can be accommodated. 
According to Frank and Franks [35] the properties of water-urea mixtures do 
not exhibit very marked deviations from ideal behaviour. The experimental resuhs are 
consistent with the hypothesis that there is no great difference between urea and water 
in the manner in which they interact with other water molecules. Much has been 
written about the structure breaking effect of urea, especially in connection with its 
role in the denaturation process of protein [38]. In terms of Frank and Franks model 
[35], however, the structure breaking effect is rather subtler. Being debarred / removed 
from the bulk water, urea forms a quasi-lattice mixture with the dense water, thereby 
lowering its chemical potential. Thus, in order for the equilibrium between bulk and 
dense water to be maintained, f [mole fractions of the bulk and dense species, f and (1-
f), respectively, are related by an equilibrium constant of the form K = f / (l-f)] must 
suffer a decrease, corresponding to a structure-breaking effect. This model may equally 
be good for studying the solute-solute interactions, such as hydrophobic bonding and 
micellisation and provide fiirther insight into the role played by urea in the 
conformational changes of macromolecules. Solvent properties of urea-water mixtures 
were reported by Enea and coworker [39]. The molecular interpretation of the physical 
properties of urea-water mixtures has followed two main approaches. In a first 
analysis, Stokes [40] suggested that an extensive self-association of urea could explain 
the excess thermodynamic properties of the mixture, without recourse to water-water 
hydrogen bonding interactions. Frank and Franks [35] later on proposed a model which 
emphasised, instead, the role of water-water interactions. In their view, urea acts 
mainly to disrupt hydrogen bonding among water molecules by dissolving exclusively 
within the dense (less structured) component of liquid water and without inducing 
alternate types of long-range structure. The water " structure-breaking " influence of 
urea was supported by the NMR results of Finner et al. [41], and it appeared to be 
consistent with thermodynamic data for various solutes in water, heavy-water, and 
urea-water mixtures [42]. The disruptive influence of urea on the water-water hydrogen 
bonding will modify the cavity size distribution as also suggested by Ben-Naim [43] in 
studies of ethylene-glycol-water mixtures. 
Ahluwalia and coworkers [44] considered the role of urea while studying the 
concentration dependence of thermodynamic properties in aqueous solutions in terms 
of solute-solute interactions. In view of the usual interpretation the solute interacts 
through the overlap of their hydration sphere [45], In the co-sphere model, it is 
presumed that the effect of overlap of the two co-spheres is destructive in the sense that 
some of the water molecules are relaxed to the bulk fi-om one or both the co-spheres. 
Urea may be assumed to have a co-sphere containing fewer water-water H-bonds than 
that of the bulk, since urea presumably destabilises the water structure [35]. For amino 
acid, the structure of the co-sphere is more complicated. The volume contribution of 
water molecules in the co-spheres of amino acids (compared to that of the bulk water), 
may apparently be the combined contributions of the following effects: (1) 
Electrostriction effect: The interaction of the zwitterionic part of the molecules with 
some water molecules via charge-dipole and H-bonding interactions will restrict water 
molecules in the co-sphere, giving rise to a negative change in volume [46]. (2) The 
layer of water molecules around the charged moieties, Uke the co-spheres of ionic 
species [45] is considered to be more disorganised (broken region of water structure) 
than the bulk water. This would again resuh in the negative change in volume [47]. (3) 
Hydrophobic hydration effect: Due to the enhancement of the structure, the water 
molecules in the hydrophobic hydration sphere of alkyl moieties will contribute 
positively to the change in volume [48]. The overlap of urea and amino acid co-spheres 
may not be able to remove the electrostricted water to the bulk, since these are bound 
( i 
with COO" and NHs^  groups by strong "charge-dipole" forces. This presumption finds 
support from the conclusion drawn by Desrosiers et al. [49] that the hydration numbers 
in the primary hydration spheres of alkali metal and halide ions do not change 
appreciably on transferring them to the concentrated aqueous urea solutions. However, 
the overlap of urea and amino acid co-spheres would seemingly relax some of the 
water molecules from the structure-broken regions of the two molecules, resulting in 
an increase in volume. The overlap of the urea co-sphere with that of the hydrophobic 
hydration portion of the amino acid co-sphere would result in a decrease in volume, 
apparently due to a net destruction of some or all of the hydrophobic hydration co-
sphere. Such a view is also supported by the findings of Schrier et al. [50]. The view 
that the overlap of the co-spheres of urea and the tetra-butyl-ammonium ion leads to a 
net release of some of the water molecules from the hydrophobic hydration sphere to 
the bulk with a gain of entropy and enthalpy. These effects when combined together 
determine the sign as well as magnitude of the volume changes due to transfer It is 
apparent that the effect of the zwitterionic portion of amino acids dominates that of the 
alkyl side chains, accordingly, the sign of the transfer function is always positive. 
However, the increasing contribution of the reduction in volume due to the overlap of 
hydrophobic hydration co-spheres with those of urea causes the volume changes due to 
transfer to decrease with increasing side-chain length. 
The pressure and temperature effects of hydrophobic hydration studied by 
NMR spectroscopy suggest that the hydrophobic hydration shell of tert-butyl alcohol 
(TBA) is different than the open structure of water present in bulk, and resists pressure 
more strongly than the open structure of water in the bulk [51]. In solutions of 4 to 5 
mol%, the hydration shell collapses. On the other hand, the rotational correlation time 
of water in the hydration shell of urea is slightly longer than that in bulk water at low 
pressure, but is obviously larger at higher pressure. In view of the rotational motion of 
water molecules, urea seems to strengthen the water structure slightly rather than 
weaken it. Consequently, it seems difficult to classify urea into a structure maker or 
breaker. The chemical shifts in urea-heavy water solutions indicate that urea has lower 
hydrophobicity than TBA and dissolves in water wdth the formation of H-bonds 
between water and amino groups or the carboxyl group of urea. Spectroscopic data 
[52] have shown that urea has some structure breaking property in contrast to TBA, 
although the radii of the two molecules are similar. As is well known, the structure 
breaking effect of urea promotes the conformational changes of proteins from the 
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native state to the denatured random coil one. On the other hand, thermodynamic 
properties of mixing suggest that the urea-water interaction resembles the water-water 
interaction [53], and urea water solutions are often treated as ideal solutions [54], A 
molecular dynamics calculation [55] has shown that the water molecules in the vicinity 
of a urea molecule are somewhat stabilised energetically, but the change in water 
structure is insignificant. Therefore, the urea solution was chosen [51] as a reference 
system to discuss the effects of pressure and temperature on the hydrophobic 
hydration. The hydrogen bonds are stronger in TB A solution and weaker in that of the 
urea solution than those in pure water. The hydrogen bonds in the hydration shell of 
urea seem to be strengthened by pressure, as are those in pure water. A molecular 
dynamics (MD) calculation has indicated that a urea molecule can enter into the water 
structure without breaking it noticeably [55]. Thus, it is difficult to classify urea into a 
structure maker or a breaker as stated above. There remains the bulk region of water 
even in a solution of 7.4 mol% of urea. Singh and Ram [56] in their studies of the 
effects of urea, its concentration and temperature on water structure have attributed 
their results to the formation of dimer and trimer of urea molecules, the stability of 
which in water seems to be affected significantly by temperature. 
The mechanism of the denaturing effects of urea on protein is still an 
unresolved and important problem in protein chemistry [57]. Changes in H-bond 
network of water in the first hydration shell of urea were analysed in terms of the 
random network model using Monte Carlo simulations. Bulk water consists of two 
populations of H-bonds: a predominantly linear population and a small but significant 
population of slightly longer and more bent H-bonds. In the first shell of urea, H-bonds 
between waters solvating the amino groups were shorter and more linear on average 
than those in bulk water. These changes are caused by a depletion of the more distorted 
H-bonds. These in hydration water structure have previously been seen only around the 
non-polar solutes of solute groups. Thus urea being polar is anomalous in this regard. 
These distortions are characteristic of a polar solute but are smaller than expected for 
an ion. Consequently, in view of the brief accounts of the structure of water and the 
influence/effect of urea on its structure given above, dilute aqueous urea solution was 
chosen for studying the intermolecular / inter-ionic interactions of ions and amino acid. 
THE INTERMOLECULAR / INTERIONIC INTERACTIONS: The 
intermolecular / interionic interactions may be categorised as the short-range / long-
range interactions, (i) The long-range is essentially based on the coulombic energy of 
14 
interaction between ions with net charges (ii) The short-range energy of interaction 
between (a) permanent dipoles, (b) a permanent dipole and a dipoie induced by it in 
another molecule, and (c) that between neutral molecules essentially depend on the 
reciprocal of sixth power of intemuclear distance, r On the other hand, the interaction 
between an ion and a dipole induced by it in another molecule depends upon the 
reciprocal of fourth power of r Similarly, the overlap energy arising from the 
interaction of positive nuclei and electron cloud of one molecule with those of another 
leads to repulsion at very close intermolecular separations, with reciprocals of ninth 
and twelfth powers of r The van der Waals type of attraction between molecules is 
that due to the interactions given above under (a), (b), and (c) It is noteworthy that all 
the contributions to the potential energy of intermolecular attraction display reciprocal 
of sixth power of r dependence Thus, the interaction forces between molecules are the 
outcome of the magnetic forces, dipolar forces, induction forces, resonance forces, and 
London dispersion forces The repulsion between molecules is generally short-range 
while the attractions are long-range as mentioned above 
The hydrogen bond interaction is considered as a specific dipolar interaction 
This term is usually used to characterise the strong interactions between a covalently 
bonded H-atom and an electronegative atom or group of atoms having a lone-pair of 
electrons and a high electron density as in F, O, N, S, and halogen atoms The strength 
of such a bond increases with increasing electronegativity of the groups attached to the 
H-atom and depends upon the (i) geometry of the molecular combination, (ii) nature of 
the neighbouring atoms, and the acid-base character of the molecule It is noteworthy 
that a solute possessing an intermolecular H-bonding retains the structure only in 
aprotic solvents such as carbon tetrachloride and the solubility may be less than that in 
a similar solute lacking H-bonding However, in polar a solvent which can participate 
in H-bond formation among themselves, the bond may be broken in favour of H-
bonded structure formed between the solute and the solvent resuhing in an increase in 
solubility Hydrogen bonding can be treated as an example of charge-transfer (C-T) 
interaction in some cases According to the C-T theory given by Bratoz [58], the H-
bond energy can be split into four parts as in the valence bond theory The C-T 
component is larger if the ionisation potential of the lone-pair of electron is small In 
quantum mechanical considerations, the H-bonded atoms are treated as a single large 
molecule Intermolecular H-bonded molecules exist as complexes of two or more 
molecules held together by H-bonds in dynamic equilibrium with monomeric 
IS-
molecules and their physical properties differ from the non-hydrogen-bonded 
molecules. 
Ionic Interactions: These are mainly of two types: (i) long-range and (ii) short-
range as stated above. The long-range electrostatic forces among the ions affect the 
properties of ionic solutions. Milner [59] proposed the models for ionic atmosphere 
and distribution of ions in solutions and linked it with the interionic forces. The 
chemical potential change due to the ion-ion interaction caused by the interionic forces 
can also be obtained in terms of the measured activity coefficients. Bjerrum [60] 
considered the short-range interactions between the oppositely charged ions and 
proposed the formation of "ion-pairs" due to their coulombic interactions. This 
correlates the association constant with the ionic size parameter. Fuoss [61] analysed 
such interactions through his 1978 PARACOND programme. 
Ion-Solvent Interactions: The electrical field created by an ion is intense at 
short distances and varies greatly with the dimensions of the molecule. Ions in aqueous 
solutions exist in hydrated forms. The process of solvation of ions depends upon the 
ion-dipole interaction and also on the polarisability of the solvent molecules in ionic 
fields. According to Washburn [1], ion hydration in a solution is usually considered as 
a combination of a certain number of water molecules with ions and for each ion this 
number is described in terms of hydration number. Verley [62] and others [63-64] have 
studied the interaction between ions and the neighbouring solvent molecules. They 
assumed that the solvent molecules are polarised spheres with a permanent dipole 
moment. 
The behaviour of ion-solvent interactions can be described in terms of simple 
electrostatics even though the structure of water has important effects in modifying the 
electrostatic environment. In considering the dielectric constant and the Kirkwood 
equations, the effect of water structure on the electrostatic forces are described in 
detail. The Born model is based on two assumptions: (i) That the ion may be assumed 
to be represented by a rigid sphere of radius r, and charge ZiCo, where Zi is the charge 
number and Co is the charge on an electron, (ii) And that the solvent into which the ion 
is to be dissolved is a structure-less continuum. Water is a polar molecule with a dipole 
moment of 1.85 debye. The negative end of this dipole is oriented toward the oxygen 
atom while the positive end toward the hydrogen atoms. The molecule is ideal for 
forming H-bonds and in bulk water these bonds are extensively formed with adjacent 
water molecules. Because of this H-bonding nature, ice the crystalline form of water. 
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forms an extensive lattice structure comprised of a puckered hexagonal array of water 
molecules. While liquid water does not have as highly ordered a lattice structure, 
significant portions of liquid water maintain the ordered tetrahedral clustering 
characteristic of ice. At any particular time, water molecules that are not part of the 
lattice are free to move in and out of the interstitial spaces formed by the structure. 
Many of the thermodynamic qualities of water depend on the H-bonding nature and the 
structure of the bulk water. If the added ion is positively charged, the negative end of 
the water molecule will be oriented toward the ion; if the ion is negative, the water will 
orient its positive end toward the ion. As the ion exerts its reorienting force on the 
structured liquid water molecules, the latter are subject to ion-dipole forces that may 
tear water molecules out of the lattice structure as it orients them toward the ionic point 
charge. The principal difference between this model and that of the Bom lies in 
considering all ion-solvent interactions to be simply electrostatic in nature, while this 
structured water model considers the interaction to be ion-dipole in nature. 
OUR UNDERSTANDING / STATUS OF SOLUTE-SOLVENT 
INTERACTIONS: The ion-dipole interactions are relatively powerfial forces, 
especially when compared with the H-bonding that maintains the structure of water. 
Near the ion, the electrostatic forces are therefore expected to dominate, and the water 
molecules will be oriented as dipoles to the ion's electrostatic field. These molecules 
will be torn from their association with other water molecules and will become 
immobilised or trapped around the ion. These water molecules are so tightly held that 
along with the ion they become a new kinetic body. The molecules in this solvent 
sheath are often referred to as immobilised or non-rotational water, because of the 
complete loss of freedom. An ion may be surrounded by three sheaths of water, a non-
rotational, a secondary, and water with bulk properties. Thus, the solvent interactions 
with an ion may be considered to occur in three layers. First there is a primary 
hydration sheath consisting of non-rotational solvent molecules that move as the ion 
itself moves. As the distance from the ion increases, a secondary hydration sheath 
surrounds the first one. There is a partial ionic and solvent structural influence in the 
secondary hydration sheath. Finally, the third layer is the bulk solvent itself and 
essentially feels no local force related to the ion (Fig.5). 
Halide (X = CI, I) - Water Interactions: The Cr(H20)n=i^ clusters are shown in 
Fig.6. The iodide-water intermolecular potential was taken from the earlier work [65]. 
The incremental-binding enthalpies for the clusters r-(H20)n=i-io, as well as the 
n 
• • 
(c) 
Fig. 5: (a) Orientation of water molecules around a cation; (b) orientation of water molecules 
around an anion; and (c) a cation being surrounded by a non-rotational sheath, an intermediate 
sheath and finally, the third layer is the bulk water itself. 
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Fig. 6: Structures for the clusters, Cr (H20)n = 1-4 and their vibrational modes. 
hydration enthalpy and the stmctural property for a single iodide ion in water, were 
computed and compared with the available experimental data. The lowest minimum-
energy structures for the cluster were determined by using a molecular dynamics 
annealing method. Dang [16] began by computing the interaction for r-(H20) dimer, 
the total interaction energy for which was decomposed into the Lennard-Jones, 
Coulombic, and polarisation components. The energy minimum turned out to be -10.73 
kcal/mol was found at an iodide-oxygen separation of 3.55 A, and the polarisation 
energy contributed ~ 25% of the total energy of the dimer, I '-(HjO) interaction. The 
induction effect significantly enhanced the water dipole moment from a value of 1.848 
to 2.388 D. The lowest minimum-energy structure for the trimer, I" - (H20)2 is a cyclic 
structure where two water molecules are strongly H-bonded and bound to one side of 
the ion [Fig.7(a)]. This structure is associated with two non-equivalent water 
molecules, DD and DA (donor-donor and donor-acceptor) with two unequal ion-water 
distances of separation. The strong fields from the iodide and water molecules 
increased the average water/monomer dipole moment to 2.428 D. It is interesting that 
the interaction energy of the water dimer fragment of the r-(H20)2 geometry is very 
close to that of the pure water dimer. Thus, water molecules have oriented themselves 
to preserve their H-bonding network. The spectroscopic evidence [66] support the 
above structure of trimer as that representing the true minimum. The lowest energy-
minimum structures for I "-(H20)} shown in Figs. 7(b-i) and 7(b-ii) are made up of 
either three equivalent H-bonded water molecules forming a ring, and are bound 
directly to one side of the ion (the distance between the 0-atoms being identical) in 
7(b-i) or the two equivalent H-bonded molecules bound to the ion, and the third water 
molecule is doubly H-bonded to these water molecules and has no direct interaction 
with the ion [7(b-ii)]. The latter structure is less stable (+2.5 kcal/mol) even-though the 
same being reported by Xantheas [68] for the Cr-(H20)3 clusters. The three lowest 
energy-minimum structures for the r-(H20)4 clusters shown in Figs.7(c-i), 7(c-ii), and 
7(c-iii), out of which those shown in Fig,7(c-i) and 7(c-iii) have been observed by 
Xantheas for the Cr-(H20)4 clusters. The lowest minimum- energy structure of Fig 
7(c-i) is quite similar to that of the r-(H20)3 with four equivalent H-bonded water 
molecules and equal 0-0 distance of separations. These oxygen atoms form a ring and 
are bound directly to one side of the ion. The second structure shown in Fig. 7 (c-ii) is 
also similar to that of the r-(H20)3 clusters with two free H-atoms. This structure has 
two free H-atoms with three water molecules that are directly H-bonded to the ion and 
XO 
the fourth one is doubly H-bonded to these water molecules and has no direct 
interaction with the ion. The third structure is obtained from the T -(H20)3 clusters with 
a fourth water molecule simuhaneously H-bonded to both water and the ion. The 
structures shown in Figs. 7 (c-i) and 7(c-iii) have been observed for the Cr-(H20)4 
clusters [67]. The lowest minimum-energy structures for r-(H20)5 predicted from the 
Dang's model are shown in Fig.7(d). In general, the first lowest minimum-energy 
structure [Fig.7 (d-i)] is obtained from I-(H20)4 cluster with an extra water molecule 
that is H-bonded to both the ion and the water molecule. In the second minimum-
energy structure [Fig. 7 (d-ii)] the water fragment is fiiUy H-bonded and forms a ring, 
the other H-atoms are participating through the H-bonding between the ion and the 
water molecules. Several isomers closely related in energy were located. The first one 
[Fig. 7 (e-i)] is very strongly H-bonded and has Cs symmetry with all the water 
molecules participating in H-bonding between either iodide-water or water-water. In 
the second structure [Fig.7 (e-ii)], the water fragment has a V-shape and is similar to 
the "book" structure obtained for pure water, (H20)6. The third structure [Fig.7 (e-iii)] 
in which the T is located somewhat between the two water trimers, The above 
structures, r-(H20)5 and r-(H20)6 computed earlier [68] were also obtained by Dang 
[16] in which Y was completely solvated by the water molecules as shovra in Figs. 7(f) 
and (g). It was found by Dang in splitting the energetic property of r-(H20)6 into 
iodide-water and water-water interactions that the water-water interaction energy for 
the cluster is -25% greater than the water-water interaction energy. In addition, the 
average monomer-water dipole moment in Fig.7 (e-i) is also larger than the 
corresponding value for the cluster 7(g). Consequently, it was concluded that the 
simulations, which included the ion polarisability, enhanced the water-water 
interactions and therefore helped water molecules to get together and facilitated the 
formation of such clusters. Similarly, the lowest minimum-energy structures for the F-
(H20)8 and r-(H20)io clusters [Fig.7(h & j)] were obtained. The r-(H20)8 was 
obtained from the r-(H20)6 cluster with an extra water dimer located at the top of the 
water hexamer. In r-(H20)io cluster, the F is only partially solvated. In summary, 
Dang's model provided a reasonable description of the hydration properties of iodide in 
water clusters and in solution at room temperature. Consequently, similar conclusions 
may be drawn for the solution structures of chloride in water clusters. In addition, in 
their recent studies on the dynamical structure of water in alkali halide aqueous 
solutions, Ujika, Tominga, and Mizoguchi [69] arrived at the conclusion that the 
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Fig. 7: Lowest-energy structures for the clusters, I" (H20)n=2-10: (a) n = 2 has one structure; 
(b) n = 3 has two isomers; (c) n = 4 has three isomers; (d) n = 5 has two structures; (e) n = 
6 has three structures; (f) n = 5 has one; (g) n = 6 has one; (h) n = 8 has one structure; and (j) n 
= 10 has one structure. 
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number of bound pentamers and the structural distortion of pentamers increase with 
increasing concentration Also, the larger anion gives a stronger effect to the structural 
distortion of pentamers 
Non-polar Solute-Water / Hydrophobic Interactions It is now known that the 
stabilised water structure around the non-polar solute changes from a hexagon to a 
pentagon with slightly bent and strained H-bonds Each of the water molecules in the 
pentagonal array found in the vicinity of non-polar molecules is still tetrahedral 
[Fig 8] The pentagonal structures have been called "ice-bergs" by Pople and are of 
definite size and spacing Their stabilisation requires the inserted non-polar molecules 
Removal of the solute or addition of an ion, which effectively disrupts the solvent 
structure, causes reversal of the stabilisation and precipitation of the solute In view of 
the presence of definite spaces within the pentahedral clusters a non-polar residue / 
solute which has been solubilised will have a predictable number of water molecules 
associated with it, giving it the regularity of a crystal and the stoichiometry of a 
hydrate The smallest hydrate has eight possible insertion sites for small non-polar 
solutes Such an array may include 46 molecules of water In case the solute is larger in 
size and cannot fit into this array, there are a whole series of regular structures called 
clathrates with a definite number of solute and solvent sites The latter also have a 
regular pentagonal array corresponding to a stable hydrate in which there is a given 
stoichiometry between specific non-polar solute molecules and water molecules Thus, 
it may be understood that in the presence of non-polar solutes, water forms a somewhat 
different and inherently more strained regular structure in which the solute is 
accommodated The apolar groups of such solutes have a tendency to withdraw from 
the aqueous phase and cluster together This was termed as hydrophobic binding by 
Kauzmann [70] even though there was no covalent bonding in these interactions An 
amphipathic molecule possessing both strongly non-polar and strongly polar groups, 
such as sodium salts of long-chain fatty acids, has a tendency to associate into aqueous 
solutions forming miscelles The polar groups of such molecules tend to hydrate easily 
while the non-polar long hydrocarbon chain group is intrinsically insoluble in water 
Hydrophobic interactions play an important role in the structure and properties of 
biological membranes The hydrophobic effects considered earlier by Tanford et al 
[34] while considering the solubility of amino acids and related compounds may also 
be viewed in the light of the recently reported [71] structural aspects in which the 
hydration shell structure for oxygen in dilute aqueous solution having a planar 
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Fig. 8: (a) Hydrogen bonding in bulk water, water molecules in a non-polar array with 
deformation of the Imear H-bonds, and resultant pentagonal structure in the p-esence of 
a non-polar molecule; (b)a pentagonally organised water cavity surroundmg a large solute 
cavity; and (c) a non-iomsed polar polypeptide forming H-bonds with the water structure 
surroimding it 
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pentagonal (H20)5 is evidenced [Fig. 8]. Such considerations may help in 
understanding the solution structure especially in view of the presence of monomers, 
dimers, trimers, tetramers, pentamers, hexamers, octamers, nanomers as well as 
decamers and several probable flickering equilibria among the water clusters in 
aqueous medium. In addition, the role of metal ions in metabolic processes in 
controlling the necessary preferred mechanisms of biochemical/biological processes 
besides maintaining the ionic fluid concentration gradients across the bio-membranes 
protecting the vital organs like heart, brain, diaphragm, etc. is well known. The alkali-
metal chlorides particularly NaCl and KCl are physiologically important. Sodium and 
potassium ions maintain the osmotic pressure of the body fluid and protect the body 
from excessive fluid loss and regulate the potential across the cell membrane. The 
concentration of these ions also plays an important role. 
PROPERTIES ASSOCIATED WITH INTERMOLECULAR/ INTERIONIC 
INTERACTIONS: The study on propagation of ultrasonic waves as well as on their 
absorption and dispersion forms one of the most important methods for investigating 
the properties of solids, liquids, and gases. It is well knovm that the velocity of small 
amplitude sound waves in a medium being one of its physical properties depends upon 
the density and compressibility of the medium. The unique feature of sound 
propagation, being an adiabatic process, lies in providing precise information regarding 
the adiabatic properties of the systems under investigation. Relationship between the 
ultrasonic velocity and other thermodynamic properties may be utilised in the case of 
solutions provided that the period of acoustic oscillation is comparatively longer than 
the characteristic relaxation time. As soon as both of these values are comparable in 
magnitude, the sound velocity becomes the function of frequency. 
Ultrasonic velocity and viscosity data are of increasing interest as they form the 
basis for the structural studies of liquids and their mixtures. The ultrasonic velocity, 
isentropic compressibility and viscosity are few of the usefiil properties which help in 
investigating the nature and the degree of association or dissociation, complex 
formation, as well as the presence of dispersive forces in liquids and their mixtures. 
Ultrasonic velocity and its derived parameters have been extensively used in studying 
the molecular interactions in pure liquids [72], their binary and ternary mixtures [73-
78], as well as in molten electrolytes [79-80], while the ionic interactions in those of 
the pure and mixed salts solutions [81-82]. A departure from linearity in the velocity 
versus composition behaviour in liquid mixtures is taken as an indication of the 
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existence of interaction among the different molecular/ionic species in the systems 
studied [83-85]. However, it is seen that a representation in terms of the uhrasonic 
velocity has a Umited utility. Such a representation does not provide any information 
regarding the nature and the relative strengths of various intermolecular interactions 
However, several theoretical and experimental [86-88] investigations have revealed 
that the derived parameters of u (adiabatic compressibility, molar sound velocity, 
isothermal compressibility, specific acoustic impedance, Wada's constant, 
intermolecular free-length, solvation / hydration number, excess free volume, internal 
pressure, solubility parameter, and Gruneisen parameter) provide a better insight into 
the intermolecular interaction. 
Several workers have successfiiUy applied the free-length theory of Jacobson 
[89] to evaluate the sound velocity in many binary liquid and mohen sahs' mixtures. 
The collision factor theory of SchaafFs [90-94] has also been used successfully for 
computing the sound velocity in binary liquid mixtures [75,79,92-93]. Nomoto [94] 
and Bhimsenacher et al. [95] evaluated the ultrasonic velocity in binary liquid mixtures 
using the Nomoto's relation. Van Dael and Vangeel [96] have applied the ideal mixing 
relations to evaluate the ultrasonic velocities in liquids. The theories of Nomoto and 
Van Dael and Vangeel have also been employed successfiiUy to evaluate the uhrasonic 
velocity in binary liquid systems [86], in mixtures of molten-saks [79] and in ionic saU 
solutions [81]. 
In recent years, several workers [97-107] have proposed a number of fluid 
equations of state based on the hard-sphere model. Some of them have been used to 
obtain the various thermodynamic properties of the systems. The equation of Lebowitz 
et al. was applied by Stillinger [108] to the mohen alkali halides for evaluating the 
inter-ionic distances. In addition, a close agreement between the experimental and the 
calculated values was also found. Mayer [109] applied this equation to study the 
molecular parameter relationship between surface tension and compressibility. Rao et 
al. [110-111] used the equation of Lebowitz et al. for evaluating the acoustic properties 
like velocity and absorption coefficients of liquids and also for computing the 
molecular diameter. The equations of Carnahan and Starling [104] and Thiele [102] 
were employed to obtain the isothermal compressibility as well as the related 
properties of a number of liquids at room temperature. Pandey et al. [112] have 
applied these equations of state to evaluate the isothermal compressibilities of liquid 
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neon. This theory has also been apphed to obtain the isothermal compressibility of the 
molten sahs' mixtures [79]. 
The surface tension of a solution, being associated with its cohesive forces, has 
been investigated to understand the interactions in binary molten sah mixtures as well 
in ionic sah solutions. Many attempts [79,81] have been made theoretically to 
correlate the surface tension of liquids, molten salts, and their binary mixtures with the 
ultrasonic velocity data. Guggenheim [113] using a quasi-crystalline model has 
derived equations for ideal and regular solutions. Heymann et al. [114] employed the 
Guggenheim's method to test if certain mohen sahs are non-interacting or they form 
certain complex species. In their pursuance. Hoar and Melford [115] obtained an 
improved equation. Bertozzi and Stemheim [116-117] applied the method to calculate 
the surface tension of alkali nitrates and binary halides' systems and found a poor 
agreement with those of the experimental values. To overcome such a difificuky, they 
introduced a parameter, Tobolsky parameter, in their derivations. Such a parameter 
turned out to be a function of interionic distances of the respective pure sahs only. 
Nissen and Domelen [118-119] used an equation, based on the regular solution theory, 
assuming the quasi-lattice model and random distributions of species both in the bulk 
and the surfaces' phases, to calculate the surface tension of mohen sah mixtures. In 
such an effort, they found a good agreement between the calculated and the 
experimental values. However, the deviations were attributed to the presence of non-
coulombic interactions, which envisage invalidating the random mixing assumptions 
implicit in the derived equations. These calculations were based on the density of pure 
components and the interaction parameter, which can be obtained from the heats of 
mixing. 
On the basis of theories of liquid state some attempts were made to evaluate the 
surface tension of liquids. Lennard-Jones [120] and Comer have calculated the surface 
tension values by employing the free-volume theory. Lebowitz and coworkers [121] 
used the statistical mechanical theory of hard-sphere fluids / hyper-netted chain theory 
(J. N. Murrell and E. A. Boucher, 'Troperties of Liquids and Solutions," John Wiley & 
Sons Limited, New York, 1982, pp. 50, 207) for this purpose while Eyring et al. [122] 
employed the significant structure theory. These theories reproduced the experimental 
values of surface tension reasonably well in the low-density range unlike those 
obtained in the higher density range. Ono [123] has reviewed the methods available 
for the calculation of surface properties by en^loying such theories. 
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The internal pressure and solubility parameters were evaluated for the pure 
liquids [123-132]. In the theory of liquid state, the relationship between the internal 
energy and the molar volume is of considerable importance. Dunlop et al. [133] have 
evaluated the internal pressure of different liquid mixtures and compared them with 
those of their cohesive energy densities. Stavely et al. [134] predicted interaction in 
liquid mixtures by comparing the internal pressure of individual components. 
Thermodynamic and ultrasonic measurements provide a very good means [135] for the 
evaluation of internal pressure of liquids. Pandey et al. [136] extended the studies of 
binary liquid mixtures and showed that the excess internal pressure, like other excess 
thermodynamic parameters, varies with change in composition and temperature in the 
systems of their investigation. The internal pressure can also be evaluated from 
Buchler et al. relation [137], This relation is extensively employed in calculating the 
internal pressure of molten-salts [79] and liquid metals [138]. Similarly, the solubility 
parameter has been found to be very useful in assessing the compressibility of various 
substances and it has served as an efficient guide in the selection of proper 
compounding ingredients [139] and solvents [140-142] for the polymeric substances 
and paints. 
The pseudo-Gruneisen parameter, a dimensionless constant governed by the 
molecular order and structure has been a subject of study for the solids [142-144] for 
several years. Knopoff et al. [145] have extended this study to liquids also. Kor et al. 
[146] have evaluated this parameter for the liquid argon over a wide range of 
temperature and pressure. Originally, this parameter connecting the thermal expansion 
coefficient with the specific heat at constant volume was employed for studying the 
behaviour of solids. Later on, the utility of this parameter was realised for gathering 
some idea about the lattice behaviour of liquids, by defining its pseudo counterpart, 
which is related to ultrasonic velocity in liquids. 
Several attempts [147-152] have been made to examine the utility of Flory's 
statistical theory [153-155] in studying the excess thermodynamic functions in binary 
and ternary liquid mixtures [156-159], mixtures of mohen-sahs [79] and aqueous 
solutions of electrolyte [81]. Parameters required for the theoretical evaluation of these 
properties are the reduced and the characteristic quantities of temperature, pressure, 
volume, and the interaction parameter. This theory has also been employed 
successfully to evaluate the viscosity, the surface tension, and the ultrasonic velocity in 
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the cases of binary liquid mixtures [160-162], molten salt mixtures [79,159-164] and 
aqueous solutions of ionic salts / electrolytes [81]. 
Volumetric studies have also been useful in understanding the structural 
interactions in solutions [165-167]. Since the early investigations by Traube [168], a 
remarkable work has been done on apparent molal volumes of solutes in solutions 
[169-172]. Such studies have been the focus of investigations in liquid systems [173-
174], electrolytes [175-176], and many other compounds of biological importance 
[177-187]. Till now many theories [188-189] have been developed to study the 
apparent molal volumes for exploring the nature of different types of interaction in 
solutions. The partial molal volumes of electrolytes can also be used to calculate the 
effect of pressure on ionic equilibria in engineering and oceanography. Similarly, the 
partial molal properties at infinite dilution can also be utilised to gain information 
about the intermolecular/interionic interactions as well as the solvation processes 
[190]. 
The intermolecular interactions influence the structural arrangement and the 
shape of the molecules. The measurements of viscosity and some thermodynamic 
functions associated with T| are important to understand the transport properties of the 
system. The temperature and concentration dependence of viscosity has been used to 
characterise the strength and the nature of interaction of different species in solution 
[191]. Theoretical evaluation of viscosity in binary liquid mixtures has become an 
important subject to estimate the strength of molecular interactions. Several empirical 
relations [192-196] have been used to represent the concentration dependence of 
viscosity of binary liquid mixtures. Theories explaining the solution behaviour [197-
198] have been employed in the determination of viscosity, its related thermodynamic 
quantities and their excess functions in binary [73,199-201] and ternary [202] liquid 
mixtures. Some workers [169,203] have introduced empirical coefficients whose 
negative or positive values can offer some clue for the assessment of the type of 
interaction occurring in solutions. The non-thermodynamic parameters, e.g., rheochor 
and its excess function may also be used to understand the intermolecular interaction 
[204]. The positive deviation of rheochor values and those of their excess fiinction, 
from the linear dependence on mole fraction and the presence of maximum in such 
plots may be attributed to the presence of strong interactions leading to complex 
i"» 
formation. In addition, the negative deviations of these properties may be attributed to 
the presence of dispersion forces [205-206]. 
BASIS / REASONS FOR SELECTING THE SYSTEMS UNDER 
INVESTIGATION; Thus, water being a unique solvent in exhibiting abnormal 
behaviour due to the presence of extensive hydrogen bonding. This resuhs in several 
equilibria among the short-lived clusters such as decamer, nanomer, octamer, hexamer, 
pentamer, tetramer, trimer, dimer, and monomer flickering among themselves under 
the varying conditions of temperature and solute (structure maker or breaker) 
concentration involving planar or three-dimensional entities led to select water as a 
solvent. Its solvation behaviour may be enhanced or diminished by the controversial 
effects/role of urea in disrupting the H-bondings in the network of water or weakly 
enhancing the network structure of water. The urea-water interactions on occasions 
seem similar to those of water-water interactions and exhibit an almost ideal behaviour 
which, otherwise, is envisaged as a non-ideal mixed solvent system because of the 
presence of an extensive interaction leading to self association of urea like water 
besides urea-water interactions through H-bonding. In addition, the structure-making 
and -breaking roles of sodium and potassium ions, respectively, as well as the 
zwitterion formation and its interaction with the urea-water mixture led to select the 
NaCl- / KCl- / leucine-aqueous urea systems for the present investigation. Should the 
resulting dilute solutions behave as an ideal or almost an ideal or show weakly non-
ideal behaviour due to weak interactions? These aspects are to be taken into 
consideration especially in view of the importance / significance of urea in denaturing 
the globular proteins / amino acids, typical urea-water interactions as well as the role of 
sodium and potassium ions in living beings. In addition, in view of the importance / 
significance of uhrasonic velocity and its derived parameters [such as adiabatic 
compressibility, change as well as relative change in adiabatic compressibility, specific 
acoustic impedance, isothermal compressibility, internal pressure, solubility parameter, 
pseudo-Gruneisen parameter, surface tension, and hydration number] as well as those 
of apparent molal volume and viscosity in providing fruitfiil information regarding the 
nature of intermolecular / interionic interactions especially in the light of the structure-
making and structure- breaking roles of sodium and potassium ions, respectively, as 
stated above, an effort is being made to investigate the solute-solvent and ion-solvent 
interactions in leucine-aqueous urea, NaCl-aqueous urea, and KCl-aqueous urea 
systems. 
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EXPERIMENTAL 
Materials and Methods Leucine (Sisco Research Laboratories, Bombay), 
sodium chloride, potassium chloride (S D Fine Chemicals Ltd, Boisar) and urea 
(Qualigens Fine Chemicals) were guaranteed reagents Potassium chloride was 
recrystallised An extra pure sodium chloride and leucine were used without further 
purification An extra pure urea was used to prepare its stock solution of 0 IM 
concentration in triple distilled water The ternary mixtures of several concentrations of 
leucine, NaCl and KCl were prepared in 0 1 M urea solution All the solutions were 
prepared by weight for obtaining the concentration on the molal scale The 
concentration ranged fi"om 0 01 to 0 IM in the case of leucine and from 0 IM to 0 9 M 
in those of NaCl and KCl solutions 
The pyknometer, Cannon-Fenske, and Mittal's ultrasonic interferometer were 
calibrated using triple distilled water before being used for the measurements of 
density, viscosity and ultrasonic velocity, respectively 
Temperature Control Thermostated paraffin and water baths were used to 
maintain a uniform temperature throughout the measurements of density, viscosity and 
ultrasonic velocity The paraffin and water baths each of about 10 litres' capacity 
consisted of an immersion heater (250 W), a stirrer, a check thermometer, a contact 
thermometer and a relay [Jumo type NT 15 0, 220V~ 15A (GDR)] The thermal 
stability was found to be within ±0 1° 
Density Measurement For the measurement of density, a pyknometer 
consisting of a small bulb with flat bottom of approximately 4 ml capacity, sealed with 
a graduated stem (0 01 ml divisions) was used The pyknometer was weighed and 
filled with distilled water up to the mark and again weighed The mass of water taken 
was determined by the difference in these two weights The pyknometer was then 
immersed in the paraffin bath maintained at the required temperature and the volume 
changes were recorded as a function of temperature and thus each mark of the stem 
was calibrated The density of water at different temperatures required for calibration 
was given by the standard equation, 
Pt = 1000525-2xl0- ' t -4 72xl0"^t^ 
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in which t stands for temperature in °C. Now, using the values of densities and mass of 
water, the volume of pyknometer at each mark was calibrated. To check the 
reproducibility of calibration, the same process was repeated. The test solution was 
introduced into the calibrated pyknometer, weighed and then it was immersed in the 
paraffin bath. The densities were determined by recording the volume changes as a 
function of temperature. 
Viscosity Measurement: Carmon-Fenske viscometer was used for the viscosity 
measurements of O.IM urea solution and those of the solutions of leucine, NaCl and 
KCl in such a urea solution. The viscometer consists of three parallel arms receiving, 
measuring and auxiliary, with a common base as shown in the diagram. The open ends 
of the viscometer were attached to the tubes containing anhydrous calcium chloride to 
prevent the absorption of moisture. The calibration of viscometer was done using the 
triply distilled water. The viscometer was then filled with the test solutions whose 
amount should be sufficient enough to avoid any air bubble being introduced into the 
capillary arm while the flidicial bulb was filled. The viscometer was clamped in a 
vertical position in the thermostated paraffin bath. The sample was sucked into the 
bulb with the help of a rubber tube up to the mark and allowed to stand for about half 
an hour before recording the time of fall of the sample from the upper flidicial mark to 
that of the lower mark. The readings were recorded several times and the mean of very 
close values (within ±0.02%) was taken at each required temperature. The time of fall 
of the test solutions was measured with the help of a stopwatch with 0,1 second 
accuracy. Viscosity, r|, was calculated using the Poisuilles equation, 
Ti = 71 h p gr'^t / 8 1 V , 
in which h is the height of the column of viscometer, p is the density of the liquid, g is 
the acceleration due to gravity, r is the radius of the capillary of the viscometer, 1 is the 
length and t is the time of fall of the test liquid of volume V to fall through the 
capillary. The above equation may be rewritten in the form, 
TI = P P t, 
where P = Tihgr^  / 81V and is constant for a given viscometer. The viscosity of the test 
solution was determined by noting the time of fall at different temperatures using the 
relation, 
ni = (tlPl/topo)XTlo, 
SX 
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where ii, p, and t are the viscosity, density and the time of fall, respectively. The 
subscripts 1 and 0 refer to the two components, i.e., the test solutions of leucine, NaCl 
and KCl each in O.IM equeous urea solution and the aqueous urea solution, 
respectively. 
Measurement of Ultrasonic Velocity. A multi-frequency (4 MHz) ultrasonic 
interferometer (Mittal's model M-83) was used to determine the uhrasonic velocity of 
the sample solutions. Its working principle is based on the accurate measurement of 
wavelength, X, in the medium. The ultrasonic waves of known frequency (4 MHz) are 
produced by a quartz plate fixed at the bottom of the cell and these waves are reflected 
by a movable metallic plate kept parallel to the quartz plate. If the separation between 
these two plates is exactly a whole multiple of the sound wavelength, then, the 
standing waves are formed in the medium. Such an acoustic resonance gives rise to an 
electrical reaction on the generation driving the quartz plate and the anode current of 
the generator to a maximum. If the distance is now increased or decreased and the 
variation is exactly one-half wavelength (k/2) or multiple of it, the anode current 
becomes maximum. The uhrasonic velocity can thus be calculated by using the 
equation, 
u = Xxv. 
The ultrasonic interferometer consists of two parts: 
a) high frequency generator and 
b) a measuring cell. 
The high frequency generator is designed to excite the quartz plate fixed at the bottom 
of the measuring cell at its resonant frequency to generate the ultrasonic waves in the 
test solutions filled in the measuring cell. A micrometer to observe the change in the 
current and two controls for the purpose of sensitivity regulation and initial adjustment 
of micrometer are provided on the panel of high frequency generator. The measuring 
cell is a specially designed double-walled cell, which maintains the temperature of the 
test solution at a constant value during the experiment. At the top a fine micrometer 
screw is provided which is used to raise or lower the reflector plate in the liquid in the 
cell through a known distance. It has a quartz plate fixed at the bottom. 
Adjustment of Ultrasonic Interferometer: The ultrasonic interferometer was 
adjusted in the following manner: 
(i). The cell was first inserted in the square base socket and was clamped there with the 
help of a screw provided on one side. 
(ii). Then, the cap of the cell unscrewed and removed, the test solution was poured into 
it and again the cap was screwed in it. 
(iii). To maintain the desired temperature of the test solution, water was circulated 
through two tubes in the double walled cell. 
(iv). The cell was then connected with the high fi-equency generator by a co-axial cable 
provided with the instrument. The two knobs are provided on a high frequency 
generator for the initial adjustment, one is marked with "Adj" and the other with 
"Gain". With the knob marked "Adj" the position of the needle on the ammeter is 
adjusted. To increase the sensitivity of the instrument for greater deflection, the knob 
marked "Gain" is used. The ammeter was used to record the maximum deflections by 
adjusting the micrometer. 
Measurement. Through a co-axial cable, the measuring cell was connected to 
the output terminal of a high fi-equency generator. The cell was filled with the test 
solution before switching on the generator. The ultrasonic waves of 4 MHz fi-equency 
produced by a gold plated quartz crystal fixed at the bottom of the cell are passed 
through the medium. These waves are, reflected by a movable plate and the standing 
waves are formed in the liquid medium in between the reflection plate and the quartz 
crystal. The acoustic resonance due to these standing waves give rise to an electrical 
reaction to the generator driving the quartz plate and the anode current of the generator 
attains a maximum. To record the maximum anode current, the micrometer screw was 
raised slowly. The wavelength was determined with the help of total distance moved 
by the micrometer for twenty maxima of the anode current. The total distance, d, 
travelled by the micrometer gives the value of the wavelength with the help of the 
relation, 
d = n X X /2 
where n is the number of maximum in anode current. Once, the wavelength is known, 
the ultrasonic velocity can be determined as described earlier. The accuracy in 
uhrasonic velocity measurement was found to be within ± 0.15%. 
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THEORETICAL 
Nomoto [94] proposed an empirical equation for the evaluation of ultrasonic 
velocity by assuming that the molar uhrasonic velocity depends linearly on the 
concentration of pure components of binary mixtures as given in Eq.l, 
R = X Ri + (1-x) R2 —1 
where R, Ri, and R2 are the molar sound velocities of binary mixture and the pure 
components, respectively, while x and (1-x) are the mole fractions of the pure 
components. R may also be as follows (Eq.2): 
R - IVfu^Vp -Vu^'' —2 
The molar volume, V being additive in nature is expressed as, V = x Vi + (1-x) V2. 
On substituting the values of R and V, the ultrasonic velocity is expressed by Eq.3, 
u = (RAO' = [{(x Ri+(l-x) R2}/{xV, +(l-x)V2}]' ~ 3 
These relations are found to be reasonably good when applied to molecular liquids. 
Higgs and Litovitz [207] and Subramanyam and Bhimsenachar [208] proposed an 
expression for explaining the behaviour of molar sound velocity of mohen salts (Eq.4), 
R = Mu ' ' ' / p = Vu^''. —4 
The applicability of Eq.4 has been extended to binary mixtures of mohen salts in the 
following form (Eq.5): 
u = (RA^)''' = [{X Ri + (1-x) R2}/{x V, + (l-x)V2}]'''. - 5 
Van Dael and Vangeel [96] proposed an alternative method for the evaluation of 
ultrasonic velocity by using the adiabatic compressibility (Eq.6), 
Ps(im) = <|)l( Y l / Y i m ) P s l + (j)2 ( Y2 / Yim) Ps2 — 6 
where (|)i, ^ 2, Yu and Y2 are the volume fractions and the specific heat ratios of the two 
pure components, while im refers to the ideal mixing. This equations has been found 
to be applicable to ideal mixtures satisfying the condition that, Yi ^ Y2 = Y(im) 
Equation 6 can also be expressed [209] by Eq.7, 
Ps(im) = «t>lPsl +<|>2Ps2- — 7 
This relation may further be simplified and expressed in terms of the linear 
combination of mole fraction presuming that Vi and V2 are equal (Eq.8), 
Ps(im)=Xpsl + (1-X)ps2. — 8 
Consequently, the ultrasonic velocity may be expressed in terms of Eq.9, 
I l /{xM, + (l-x)M2}][l/u'(i„,)] = [{x/M,u,'} + {(l-x)/M2U2'}] —9 
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where Mi and M2 are the molecular weights of the two components 
Based on the collision factor theory, SchaafFs developed the following 
expression (Eq 10) for the ultrasonic velocities in pure liquids 
u = UooS(BA^) —10 
where Uoo = 1600 m/s, S is the collision factor, B the volume of molecules per mole 
and V is the molar volume of the pure liquid Nutsch-Kuhnkies [210] extended the 
applicability of Eq 10 to binary liquid mixtures, by presuming S and B as additive in 
nature and obtained Eq 11, 
U(max) = Uoo ( S i X + S 2 ( l - X ) } [ { B i X + B2 ( 1 - x ) } / V } ] - 1 1 
The actual volume of pure component per mole, is given by Eq 12, 
B - (4/3)7tr^N —12 
where r is the molecular radius and N is the Avogadro's number The terms r, a, and P 
are defined as follows 
r = [ a { 1 - p{ 1 +(1/3 P)}"^ - I } Y'\ a = (3V/1671 N) '^^  and p = (RT/Mu^), in 
which R is the gas constant 
The above models envisaging solute-solvent interactions in the cases of liquid 
mixtures, the pure components of which essentially give rise to ideal mixtures, have 
been employed in the cases of pure organic liquids and their mixtures as well as in 
those of the molten sahs and their mixtures Even though, the applicability of these 
models has been extended to mixtures exhibiting non-ideal behaviour, have inherent 
difficulties in their applicability to such systems in which one of the components 
happen to be a solid However, these models provide a theoretical basis for an insight 
into solute-solvent interactions 
The following equations have been employed for evaluating the various derived 
parameters of ultrasonic velocity by using the experimental values of densities and 
uhrasonic velocities 
Ps = 
Pso = 
z 
Ap = 
Aprel = 
1/pu^ 
1 / Po Uo^  
u p 
Ps - Pso 
A p / Pso 
—13-17 
where u stands for the ultrasonic velocity, p the density , Z the specific acoustic 
impedance while Ps and pso are the adiabatic compressibilities of solution and 
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solvent, respectively. In the present studies Ps is taken a the adiabatic compressibility 
of each of the three solutions, i.e., leucine or NaCl or KCl each dissolved in 0.1 M urea 
solutions while Pso as the adiabatic compressibility of 0.1 M urea solution. 
The following relations (Eqs. 18-24), based on the hard-sphere model of state, 
are employed for the theoretical evaluation of isothermal compressibility; 
PV/NkT = ( l + y + y ^ ) / ( l - y ) ' ; P V / N k T = (1+2y + 3y^)/(l - y)^ 
PV/NkT = (1 +y +y2 -y3 ) / ( l - y ) ^ P V / N k T = 1 / ( 1 -yf 
PV/NkT = 1 / ( 1 -y f ;PV/NkT = (1 +(yV8)} / ( l - yf; and 
PV/NkT = l + 4 y + 1 0 y n i 8 . 3 6 y ' + 28.2y'' + 39.5y'+... —18-24 
where P, V, T, N, and k are the pressure, volume, absolute temperature, Avogadro's 
number, and Boltzmann's constant, respectively, while y is the packing fraction and is 
equal to Tia'N / 6V in which a is the hard-sphere diameter of the molecules comprising 
the pure liquids. The hard-sphere diameter, a, is calculated by using the relation [76], 
a''^ = (V / (7.21 X 10'')}(o / Tc) '^" in which a, Tc, and V are the surface tension, the 
critical temperature, and the molar volume, respectively. The critical temperature is 
obtained [211] by using the relation, Vo = VT {1 - (T/Tof'^^ in which Vo and VT are 
the molar volumes at the zero degree Kelvin and the absolute temperature, T, 
respectively. The values of o are obtained from the experimental ultrasonic velocity by 
employing the Auerbach relation [212], u = { o / 6.31 x 10"^  p}^^' as given later. 
The isothermal compressibility, PT, corresponding to the above seven 
equations for the PV / NkT values are obtained by employing the following Eqs.25-31: 
pT= ( V / R T ) { ( l - y ) V ( l +2y)^}; 
p T = (V/ RT){(1 - y)V (1 + 5y + 9y^ - 3^)} 
pT = (V / RT){(1 - y)^ / (1 + 4y + 4y^ -Ay^ + y^) 
pT= (V/RT){(1 - y ) V ( l +3y)} 
P T = (V /RT){ ( ] -y )V( l + y ) ) 
pT = (V/RT){8(1 - y ) ' / (8 + 8y + 3y' - y')}, and 
PT = (V/ RT){1 + 8y + 30y^ + 73,44y' + Ml.Oy'' + 237.0y'}-V —25-31 
In 1966, McGowan [213] suggested the following relationship between the isothermal 
compressibility, PT and the surface tension, a as given in Eq.32, 
PKJ''^ = 1.33x10-^ (cgs units) —32 
in which a is defined by Auerbach [212] in terms of u as follows (Eq.33): 
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u = (CT/6 4xlO-'*pf^ —33 
Equation 33 has been employed by a number of workers [136, 214-217] in the cases of 
pure liquids and their solutions, non-electrolyte solutions, electrolytic solutions as well 
as in molten salts and their mixtures and also in liquid metals. Using Eqs 32 &33, 
Eq.34 is obtained, 
pT = 133xlO-^/(6 4 x l O V V f ^ —34 
Recently, Pandey [unpublished work] has proposed an equation to calculate the 
isothermal compressibility of various liquid systems by replacing the arbitrary constant 
in the denominator of Eq. 34 by a temperature term and the resuhing equation is 
obtained as Eq. 34a, 
p^ = \7\x\0-'/'T"Vp"' - 3 4 a 
A number of attempts have been made for the theoretical evaluation of surface 
tension of liquids, molten salts and aqueous solutions of ionic salts Using a quasi-
crystalline model, Guggenheim [113] derived equations for the ideal and regular 
solutions, which were later on improved by Hoar and Melford [115] Pandey et al 
extended the Flory's statistical theory to evaluate the surface tension in the cases of 
binary mixtures [218-219] of molten sahs and ternary mixtures of polymeric solutions 
[220]. The above equation (34) provides a direct relationship between the isothermal 
compressibility, and speed of sound, and density. 
Srivastava et al. [221] have given a linear relationship between the internal 
pressure of a pure liquid and its uhrasonic velocity, as shown by Eq.35, 
up '^^  - KR '^^ P —35 
where u is the ultrasonic velocity, p is the density, K is the constant, R is the molar 
refraction and Pi is the internal pressure of the pure liquid. Singh et al [222] have 
reported that the anomalous behaviour of solutions is the result of variations in the 
nature and the extent of interactions among the molecular species present in them 
The internal pressure can be obtained using the following relation (Eq 36) 
P, = a T / p T —36 
where T is the temperature in Kelvin and a is the thermal expansion coefficient which 
is obtained using Eq 37, 
a = -l/p(dp/dt) 37 
The internal pressure can also be obtained [160] by using Eq 38, 
P.V{1 - (a^)} = RT —38 
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where P,, V, a, and b stand for the respective cases of internal pressure, volume, 
molecular diameter, and the shortest distance between the nearest neighbours The 
volume per molecule v is equal to V/N and is related to b, as follows v = b ' / 2 '^^  v '^ 
which can be rearranged to express b as follows b = (2}'^ W^'^) IN^'^ On substituting 
this value of b into Eq 38 for Pi, one gets Eq 39 given below, 
P, = l^'^RT / (2 '^^  V - a N ' " V^' ' ) —39 
Hildebrand and Scott [223] introduced the solubility parameter, 5, a measure of 
cohesive energy density (CED) in the theory of solution It is defined in terms of 
Eq 40 as follows 
8 = (CED)''^ = id^ldW), —40 
in which (|> is the total energy of the liquid system [128, 140] 
The pseudo-Gruneisen parameter, F, which has been extensively used in recent 
years by a number of workers [145, 224] Gruneisen parameter, a dimensionless 
constant governed by the molecular order and structure had been a subject of study for 
solids [142-144, 225-227], was later on extended by Knopoff et al [145] for liquids 
The original Gruneisen parameter is related to the thermal expansion coefficient and 
the specific heat at constant volume, Cv, F = B' a V /Cv , where B' is the bulk 
modulus of elasticity, V is specific molal volume and F is an empirical parameter 
For extending the utility of this parameter to the structural study of liquids, its pseudo 
counterpart was defined by Eq 41 as follows 
F = u^a /Cp —41 
where u is the velocity of ultrasound in the liquid 
Hydration number (nn) The interaction of a solvent with a solute is called 
solvation and the number of solvent molecules associated with solute molecules 
represents the solvation number of that solute The solvation number is referred to as 
the hydration number in case of water as solvent Ion hydration in solution is generally 
considered as a combination of certain number of water molecules with ions and this 
number is described in terms of the hydration number Hydration occurs either by 
interaction of the lone-pair of electrons in water with a cation or by hydrogen bonding 
with anions Passynski [228] gave the following relation (Eq 42) for the calculation of 
hydration number 
nn = [ni/n2][l-ps/3so] —42 
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Ultrasonic techniques can be a rich source of information on structural changes that 
take place in liquid mixtures. In the framework of physical acoustics theory such 
techniques are able to furnish usefijl information concerning the hydration number, n^ 
and its temperature dependence. 
S. Magazu, et al. [229] gave the following relation (Eq.43) for the calculation 
of hydration number: 
nn = (nwVwPw —Vp)nVwpw —43 
where n is the number of moles of solute, HW is the number of moles of water, Vw is the 
volume of water, Pw is the adiabatic compressibility of water while P is the adiabatic 
compressibility of solution and V is the volume of solution and is calculated by using 
Eq.44, 
V = (nwMw + nM)/p —44 
where the symbols have their usual meaning. The hydration number was defined in 
terms of Eq.45 as follows: 
nn - (nwVwpw-VpyntVwpw —45 
in which V = (nw Mw + nt Mt) /p as given above. It was assumed that the volume of 
solution, V, can be decomposed into two parts; (1) the hydration volume where 
significant interactions between trehalose and water occur and (2) regions where bulk 
water exists. According to this model, the volume of the solution can be written as 
shown in Eq.46, 
V = ntVn + (nw -ntnH)/V —46 
where nn and VH are the hydration number and the molar volume of the hydrated 
solute, respectively. Taking the derivative with respect to pressure at constant entropy, 
we find Eq.47, 
Vp = -ntaVH/aP + (nw - nt na) Vw pw —47 
where V = (n„ Mw + H Wk) / p . Assuming negligible compressibility for the 
hydrated units, 5VH I dV- 0,the hydration number is obtained as shown by Eq.45. 
The volume and compressibility behaviour of solutes in solution can provide 
information concerning the solute - solvent and the solute - solute interactions. 
Apparent molal volume has been used to investigate the structural interactions in 
solutions [230]. The concentration dependence of apparent molal volume and the 
partial molal volume has been used to study the solute - solute interactions. 
4/ 
The first accurate measurement on the volume changes on the addition of 
electrolytes in water was made by Watson [231] in the year 1770. Later on, in the year 
1887 Arrhenius presented his theory of dissolution of electrolytes into ions. Watson 
showed that the volume decreases when various salts are added to a fixed volume of 
water. Dalton made some measurements, which indicated that the volume of water did 
not change on the addition of salt except when the dissolved sah contained water. 
Faure et al [232] assumed that the volume changes on the addition of salt because of 
the following factors: 
i) Decrease in volume because of the absorption of water on the dissolved salt and 
ii) Increase in volume because of salt dissociation. 
Traube [233] explained the negative value of apparent molal volume ((|>y) on the basis 
of crystal water in the salt. Baxter and co-workers [234] attributed the decrease in ^^ 
with decreasing concentration to ionisation while the increase in <t)y with temperature 
was attributed to a decrease in hydration. 
Masson [235] gave an empirical relation (Eq.48) for the change in ^^ with the 
square root of molar concentration, 
(t>v = (|)v° +SvVc --48 
where ^° is the apparent molar volume at infinite dilution and Sv is the experimental 
slope which varies with each solute and is a measure of ion-solvent interaction. 
The viscosity measurements and some thermodynamic Sanctions associated 
with Ti, are important to understand the transport properties of a system as stated 
earlier. The temperature and concentration dependence of viscosity has been used to 
characterise the strength and the nature of interaction of different species in solutions 
[191]. Such measurements on dipolar ions, particularly amino acids, have been carried 
out by a number of workers in aqueous solutions. There are several factors which 
affect viscosity of systems such as temperature, pressure and denaturation in the cases 
of nucleic acids and their derivatives. The viscosity of a liquid generally decreases with 
an increase in temperature as envisaged by equation (Eq.49), 
r| = A e ^^ 
in which A and B are the constants for a given liquid, R is the gas constant and T is the 
temperature in absolute scale. The viscosity of liquids increases with increase in 
pressure. As the pressure is increased it becomes difficult for the liquid molecules to 
^2 
move from one layer to the next and hence becomes more difFicuh for the Hquid to 
flow. Fort and Moore [205] observed that the positive deviation of viscosity exhibits 
strong intermolecular interactions. Flory [153, 155, 236] developed the statistical 
mechanical theory for the binary liquid mixtures, which has been extended by Nigam 
and Singh [236] to muhi-component systems. Naidu [237] and Phang [238] measured 
the viscosity of glycine and DL alanine in dimethyl formamide - water mixture and the 
results were discussed on the basis of Jones - Dole parameter. 
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RESULTS AND DISCUSSION 
The densities of each of the three systems under investigation exhibit the usual 
increases with successive increases in solute concentration and decreases with 
successive increases in temperature as apparent from Tables l(a)-3(a). The 
experimental values of densities of these systems have been least-squares fitted to 
equation 50, 
p = a + bT + cT^ —^^ 
where p is the density, T is the temperature in Kelvin while a, b and c are the constants 
for obtaining the densities at the desired temperatures. These values are listed in Tables 
[l(b)-3(b)]. It is noteworthy that, on the one hand, the two as well as the three-
parameter equations turn out to be equally good in reproducing the experimental 
densities in the case of leucine-aqueous urea system. This may be attributed to 
extremely dilute nature of these solutions. On the other hand, in the cases of the NaCl-
aqueous urea and KCl-aqueous urea systems, a two-parameter equation turns out to be 
good in reproducing the experimental resuhs, It shows improvement over the results 
obtained on the basis of a three- parameter equation in the trend of variation of 
densities with temperature and concentration as shown in Appendix. The values of 
coefficient of expansion obtained by using Eq.37 listed in Appendix are reasonably 
good. 
The measured values of ultrasonic velocities are listed in Tables 4(a)-6(a) at 
several temperatures (298.15 K to 318.15 K) for each of the compositions studied. 
Their best-fit values are listed in Tables 4(b)-6(b). The values of uhrasonic velocities 
are found to increase apparently linearly with increase in temperature as well as with 
concentration of the solute (Figs. 1-3). Such an increase in the values of ultrasonic 
velocities may be attributed to an increase in the intermolecular interactions between 
the leucine-aqueous urea, NaCl-aqueous urea and KCl- aqueous urea solutions. 
With a view to understanding the ultrasonic velocity behaviour of these 
systems, one of the abnormal properties of water in respect of its variation with 
temperature may be recalled. For example, it attains a maximum value of 1557 m/s at 
74°C. The adiabatic compressibility of water shows a minimum at 64°C. In addition, 
the temperature of maximum ultrasonic velocity in water is changed by the presence of 
ions [239-241]. Thus, from the effects of ions on the velocity and compressibility of 
Table 1(a): Density (p. 10 ,^ kg in~^ ) of leucine in O.IM aqueous urea solution as functions of 
Concentration (molality, m) and temperature (K). 
(m) 
0 00 
0 01 
0 02 
0 03 
0 04 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
Table 2(a): Density ( p. 
concentration (molality 
(m) 
0 10 
0 20 
0 40 
0 70 
0 80 
0 90 
Table 3(a): Density (p . 
298 15 
0 9982 
0 9987 
0 9991 
0 9994 
0 9996 
0 9998 
10005 
10007 
10010 
10014 
10019 
10 \ kg m 
Temperature (K) 
303 15 
0 9966 
0 9972 
0 9976 
0 9979 
0 9981 
0 9982 
0 9991 
0 9992 
0 9995 
0 9998 
10004 
)^ of sodium chloride in 
', m) and temperature (K). 
298 15 
10073 
10258 
10264 
10381 
10488 
10483 
1 0 ^ k g m 
308 15 
0 9949 
0 9955 
0 9959 
0 9963 
0 9964 
0 9965 
0 9974 
0 9975 
0 9978 
0 9981 
0 9987 
313 15 
0 9931 
0 9937 
0 9941 
0 9945 
0 9946 
0 9947 
0 9955 
0 9956 
0 9959 
0 9962 
0 9967 
O.IM aqueous urea solution as 
Temperature (K) 
303 15 
10072 
10259 
10265 
10370 
10479 
10478 
^) of potassium chloride 
of concentration (molality, m) and temperature (K). 
(m) 
0 10 
0 20 
0 30 
050 
0 70 
0 90 
298 15 
10200 
10196 
10249 
10294 
10420 
10487 
308 15 
10061 
10250 
10257 
10349 
10464 
10464 
in O.IM aqueous 
Temperature (K) 
303 15 
10204 
10196 
10248 
10312 
10435 
10496 
308 15 
10196 
10186 
10238 
10317 
10440 
10495 
313 15 
10043 
10230 
10240 
10317 
10441 
10440 
urea solution 
313 15 
1018 
10166 
10219 
10307 
10435 
10486 
318 15 
0 9911 
0 9917 
0 9921 
0 9925 
0 9927 
0 9928 
0 9934 
0 9935 
0 9938 
0 9942 
0 9946 
functions of 
318 15 
10016 
10198 
10213 
10275 
10412 
10407 
as functions 
318 15 
10153 
10136 
10190 
10283 
10419 
10468 
Table 1(b): Best-fit parameters of density (p = ao+ait + a2t^ ) of leucine in 0.1 M aqueous urea 
solution. 
(m) ao ai 32 Sums of squares 
of residuals 
5 71278x10"'" 
5 71959x10"'° 
1 14187x10' 
1 14187x10"' 
6 27375x10"'^  
1 14426x10"' 
9 22501x10"'^  
9 22898x10"'* 
5 69576x10'° 
2 28784x10"' 
0 01 
0 02 
0 03 
0 04 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
0 804918 
0 805367 
0 776757 
0 858847 
0 914410 
0 672984 
0 728610 
0 728943 
0 837700 
0 7G4481 
0 00158705 
0 00158674 
0 00176885 
0 00123882 
0 00088259 
0 00246163 
0 00210519 
0 00210498 
0 00140094 
0 00227541 
-3 14304x10* 
-3 14253x10"* 
-3 42829x10"* 
-2 57151x10"* 
-1 99999x10"* 
-4 57185x10"* 
-3 99998x10"* 
-3 99%4xl0-* 
-2 85728x10"* 
-4 28591x10"* 
= a„+ait + ajt^ ) of sodium chloride in O.IM aqueous urea Table 2(b): Best-fit parameters of density (p 
solution. 
m Sums of squares 
of residuals x 10^  
ao ai 32 X 10^ ax 10' 
01 
02 
04 
07 
08 
09 
0 951 
0 025 
0 147 
0 377 
3 157 
0 091 
-0 480065 
-0 942401 
-0 647222 
-0 840364 
-0 146029 
-0 653202 
0 00993065 
0 01306520 
0 01111370 
0 01270360 
0 00811681 
0 01141090 
-1 65752 
-2 16801 
-1 84478 
-2 14764 
-1 37832 
191313 
0 238 
0 006 
0 037 
0 094 
0 789 
0 023 
Table 3(b): Best-fit parameters of density (p = ao + ait + ait^ ) of potassium chloride in O.IM aqueous 
urea solution. 
m Sums of squares HO ai 32x10^ a x 10* 
of residuals x lO' 
01 
02 
03 
05 
07 
09 
0401 
0 681 
1305 
1965 
0 102 
0 000 
-0 642913 
-0 809628 
-0 652205 
-164319 
-0 888432 
-0 575233 
0 0110188 
0 0121660 
00111752 
0 017415 
0 0125187 
0 0106409 
-1 82500 
-2 02272 
-186151 
-2 83452 
-2 03178 
-174211 
1004 
1703 
3 262 
4 912 
0 255 
0 000 
Table 4(a): Ultrasonic velocity (u, ms") of leucine in O.IM aqueous urea solution as functions of 
concentration (molality, m) and temperature (K). 
Temperature (K) 
(m) 298 15 303 15 308 15 313 15 318 15 
000 
001 
0 02 
0 03 
0 04 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
1499 6 
1503 0 
1504 4 
1505 0 
1506 4 
1507 8 
1509 8 
15110 
1512 8 
1515 0 
1516 9 
Table S(a): Uttrasonic velocity (u, 
functions of concentration (molality, 
(m) 
0 0 
0 1 
02 
0 3 
0 4 
0 5 
0 6 
0 7 
0 8 
0 9 
298 15 
1499 6 
1506 7 
1510 8 
15115 
1525 0 
1527 5 
1535 7 
1542 5 
1553 3 
1552 3 
Table 6(a): Ultrasonic velocity (u, 
functions of concentration (molality. 
(m) 
0 0 
0 1 
0 2 
0 3 
0 5 
0 7 
0 9 
298 15 
1499 6 
1512 6 
1510 4 
1520 4 
1533 4 
1543 2 
1554 6 
1510 9 
1513 4 
1514 2 
1515 4 
1516 4 
1518 4 
1520 0 
15210 
1522 2 
1523 4 
1524 3 
15213 
15218 
1522 6 
1523 8 
1525 0 
1527 0 
1528 8 
1530 0 
15310 
15318 
1533 4 
ms') of sodium chloride in O.IM 
m) and temperature (K). 
Temperature (K) 
303 15 
1510 9 
1518 4 
1520 9 
1525 7 
1536 9 
1537 7 
1544 6 
15516 
1563 7 
15614 
308 15 
15213 
1528 8 
1530 5 
1537 9 
1546 9 
1546 9 
1553 1 
1559 7 
1572 0 
1569 7 
ms') of potassium chloride in O.IM 
m) and temperature (K). 
Temperature (K) 
303 15 
1510 9 
1523 2 
1522 5 
1527 2 
1540 2 
1548 6 
1559 5 
308 15 
15213 
15313 
1532 8 
1535 1 
1546 9 
1554 8 
1564 9 
15310 
1529 0 
1530 4 
1532 0 
1534 0 
1536 1 
1537 4 
1538 7 
1540 2 
15412 
1543 2 
aqueous urea 
313 15 
15310 
1537 7 
1539 6 
1548 1 
1555 0 
1555 1 
15612 
1566 8 
1578 3 
1577 2 
aqueous urea 
313 15 
15310 
1536 7 
15415 
1544 5 
1553 5 
15619 
1570 8 
1539 9 
1537 4 
1538 4 
1539 8 
15410 
1543 0 
1544 4 
1545 0 
1546 4 
1548 3 
1549 7 
solution as 
318 15 
1539 9 
1545 3 
1548 3 
1556 2 
1561 1 
1562 2 
1569 0 
1572 8 
1582 5 
1584 0 
solution as 
318 15 
1539 9 
1539 4 
1548 5 
1555 2 
1560 0 
1569 6 
1577 3 
Table 4(b): Best-fit parameters of ultrasonic velocity (u = ii„ + uit + uit^ ) of leucine in 0.1 M aqueous 
urea solution. 
m 
000 
0 01 
0 02 
0 03 
0 04 
0 05 
006 
0 07 
0 08 
0 09 
0 10 
Uo 
-591 494 
-409 295 
-135 756 
-194 904 
-528 884 
-887 485 
-795 293 
-1086 96 
-621468 
577 931 
714 424 
Ui 
116989 
10 8446 
9 07930 
9 45182 
115968 
13 9117 
13 3536 
15 2725 
12 2687 
4 50533 
3 62711 
U2 
-0 01570000 
-0 01485740 
-0 01199950 
-0 01257150 
-0 01599990 
-0 01971400 
-0 01885710 
-0 02199990 
-0 01714220 
-0 00457136 
-0 00314314 
Table 5(b): Best-fit parameters of ultrasonic velocity (u = Uo + uit + 
aqueous urea solution. 
m 
0 1 
0 2 
0 4 
0 7 
0 8 
0 9 
Table 6(b): 
M aqueous 
m 
0 1 
02 
0 3 
0 5 
0 7 
0 9 
Sums of squares 
of residuals 
14 9591 
0 78083 
4 77617 
1 11719 
0 53879 
4 49762 
Uo 
-1703 43 
62 8547 
-2715 97 
-869 477 
-2794 06 
-342 606 
Ul 
19 0471 
7 65012 
25 8597 
14 2476 
26 8779 
10 8274 
Best-fit parameters of ultrasonic velocity (u = u„ + Uit + 
urea solution. 
Sums of squares 
of residuals 
0 259736 
1 944950 
0 460479 
7 457340 
7 699600 
1 215640 
Uo 
-4090 92 
-2230 02 
3536 77 
984 819 
2653 01 
2258 79 
U) 
35 1330 
22 5174 
-14 7294 
2 31661 
-8 44796 
-5 63715 
Sums of squares 
of residual 
0 002286 
1 060630 
0 255953 
0 153154 
0 288006 
0 390277 
0 100554 
0 307957 
0 852525 
0 792999 
2 628440 
Uit^ ) of sodium chloride in O.IM 
U2 
-0 0277725 
-0 0093703 
-0 0390258 
-0 0206538 
-0 0412437 
-0 0149984 
a u 
3 7397750 
01952075 
1 1940425 
0 2792975 
0 1346980 
1 1244050 
uit^) of potassium chloride in 0.1 
U2 
-0 0548039 
-0 0334458 
0 0267200 
-0 0015989 
0 0158500 
0 0109858 
CTU 
0 0649340 
0 4862375 
0 1151197 
1 8643350 
1 9249000 
0 3039100 
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water it is possible to obtain some information with regard to providing the ion-water 
interactions. These results are discussed on the basis of the dynamic structure of water 
around the cations. The ultrasonic velocity in the salt solutions of alkali metal 
chlorides has been found to decrease in the order; NaCl > LiCl > KCl > RbCl > CsCl. 
Also, the values of compressibility for the salt solutions are found to be lower than that 
of water and the order of magnitude differs in different concentrations. These values 
for LiCl, RbCl, and CsCl solutions do not differ markedly from one another. From 
these resuhs it seems difficult to connect directly the velocity and compressibility with 
the structure of solutions [242-243]. However, the lower values of compressibility of 
aqueous electrolytic solutions found to be smaller than that of pure water may be 
ascribed to two effects [242]: (1) the decrease of compressibility caused by the 
introduction of incompressible ions, and (2) the change of water structure around the 
ion. According to Desnoyers and Jolicoeur [244] the strength of ion-solvent 
interactions decreases with increasing size of the ions, but the coordination number of 
the ion increases with increasing size. The x-ray and neutron scattering resuhs indicate 
that the coordination numbers of alkali metal ions are 4 for Li*, Na*, and K* ions [245] 
while 8 for Cs* ion [246]. 
As is well known, Na* ion is a weak structure-making ion. According to 
Samoilov [247], x i / Xo for the sodium ion is found to be 1.3 at 25°C. The terms xi and 
Xo stand for the mean residence times of a water molecule in the immediate vicinity of 
the ion in its aqueous solution and in the immediate neighbourhood of a water 
molecule in pure water, respectively. Since the coordination number of water 
molecule around sodium ion is 4, the water structure around Na* ion is like that of pure 
water. No disordered water molecules exist outside the reoriented water molecules 
around the sodium ion. The decrease in compressibility of sodium chloride solution is 
mainly caused by the dilution effect. Sodium and potassium ions interact weakly with 
water molecules and their effects are directly opposite to each other. An ion when 
added to water affects the thermal motion of water molecules around it. The sodium 
ion is found to be a weak structure-making ion [243], i.e., no disordered water 
molecules exist outside the reoriented water molecules around the Na* ion as stated 
above. The K* ion, on the other hand, is a weak structure-breaking ion. The structure 
breaking ions increase the thermal motion of water molecules [243]. According to 
Samiolov, surface density of the distribution of water molecules around the ion 
Si 
decreases as the ionic radius increases. Thus K ,^ a structure-breaking ion causes the 
compressibility of the KCl in aqueous urea solution to increase in comparison to that of 
the NaCl in a similar aqueous urea solution. Also, the addition of incompressible ions 
results in decreasing the compressibility of the solution. Thus, the lowering of 
adiabatic compressibility of NaCl-aqueous urea solution is slightly more than that 
shown by KCl-aqueous solution. 
The results of adiabatic compressibility of all the systems under investigation 
are displayed in Tables 7-9. The adiabatic compressibility is found to decrease with 
increases in temperature and concentration (Figs. 4-6). Such a decrease may be 
attributed to an increase in the ion-ion interaction as well as to the corresponding 
increase in the number of incompressible ions with an increase in solute/salt 
concentration. Another reason for the decrease in the adiabatic compressibility may be 
due to a change in the structure of water around the ions as stated above. The lowering 
of adiabatic compressibility of leucine-aqueous urea solution is slightly more than that 
shown by the NaCl-aqueous urea solution which, in turn, is slightly more than that 
shown by the KCl- aqueous urea solution as stated above. 
The change in adiabatic compressibility (Tables 10-12) is found to decrease 
with increase in temperature unlike its increase with increase in concentration (Figs. 7-
9). At low temperature (298.15 K), weak interaction seems to be present while at other 
slightly higher temperatures apparently linear plots approaching in the vicinity of zero 
intercept value indicate an almost ideal behaviour. Even though the relative change in 
adiabatic compressibility (Tables 13-15), obtained by using Eq. 51, 
APrel = Ps-Pso/Pso^ . . . 5 1 
follows the same pattern of behaviour / trend (Figs. 10-12) as shown by the change in 
adiabatic compressibility, AP; the tendency of the systems to approach/exhibit an 
almost ideal behaviour is somewhat improved. In view of the behaviour of changes as 
well as the relative changes in adiabatic compressibility (Figs. 7-9 and 10-12), an 
attempt is made to examine the extent of deviation from an apparently ideal behaviour 
by modifying the earlier equations as follows; 
Ps = Pso+Sm —52 
or Ps - Pso = S m ___53 
in which Pso, the adiabatic compressibility of the solvenit (here 0.1 M aqueous urea 
solution) is the intercept while S is the slope of Ps versus m (molality of solute) plot. 
Table 7: Adiabatic compressibility (P,xl0", cmVdyne or m N^^ ) as a function of molality, m of leucine 
in 0.1 M aqueous urea solution at several temperatures (K). 
(m) 
0.00 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
298.15 
4.4546 
4.4325 
4.4225 
4.4176 
4.4085 
4.3995 
4.3847 
4.3769 
4.3652 
4.3508 
4.3377 
Table 8: Adiabatic compressibility (P, 
chloride in 0.1 M 
(m) 
0.00 
0.10 
0.20 
0.40 
0.70 
0.80 
0.90 
Temperature (K) 
303.15 
4.3956 
4.3783 
4.3720 
4.3637 
4.3571 
4.3452 
4.3315 
4.3260 
4.3179 
4.3098 
4.3021 
xlO", cm^/dyne) 
308.15 
4.3428 
4.3388 
4.3312 
4.3369 
4.3154 
4.3037 
4.2897 
4.2826 
4.2757 
4.2699 
4.2585 
313.15 
4.2958 
4.3046 
4.2950 
4.2843 
4.2727 
4.2606 
4.2499 
4.2424 
4.2328 
4.2260 
4.2129 
as a function of molality. 
aqueous urea solution at several temperatures (K). 
298.15 
4.4546 
4.3731 
4.2712 
4.1894 
4.0485 
3.9519 
3.9586 
Temperature (K) 
303.15 
4.3956 
4.3065 
4.2142 
4.1240 
4.0053 
3.9028 
3.9146 
308.15 
4.3428 
4.2527 
4.1652 
4.0739 
3.9719 
3.8673 
3.8786 
313.15 
4.2958 
4.2109 
4.1240 
4.0386 
3.9483 
3.8448 
3.8504 
Table 9: Adiabatic compressibility (P. xlO"*, cm^/dyne) as a function of molality, m 
chloride in 0.1 M aqueous urea solution at several temperatures QS). 
(m) 
0.00 
0.10 
0.20 
0.30 
0.50 
0.70 
0.90 
298.15 
4,4546 
4.2849 
4.2991 
4.2206 
4.1315 
4.0297 
3.9453 
Temperature (K) 
303.15 
4.3956 
4.2242 
4.2313 
4.1841 
4.0879 
3.9958 
3.9177 
308.15 
4.3428 
4.1826 
4.1783 
4.1446 
4.0508 
3.9621 
3.8909 
313.15 
4.2958 
4.1596 
4.1395 
4.0497 
4.0202 
3.9282 
3.8649 
318.15 
4.2549 
4.2662 
4.2590 
4.2495 
4.2420 
4.2306 
4.2204 
4.2167 
4.2078 
4.1958 
4.1865 
m of sodium 
318.15 
4.2549 
4.1809 
4.0904 
4.0175 
3.9343 
3.8352 
3.8296 
of potassium 
318.15 
4.2549 
4.1562 
4.1143 
4.0576 
3.9959 
3.8955 
3.8397 
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Table 10: Change in adiabatic compressibility (Ap, x 10^ ,^ cm^/dyne) of leucine in O.IM aqueous urea 
solution as functions of concentration (molality, m) and temperature (K). 
Temperature (K) 
(iii) 298 15 303 15 308 15 313 15 318 15 
0 01 
0 02 
0 03 
004 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
2 2090 
3 2108 
3 6960 
4 6049 
5 5113 
6 9831 
7 7667 
8 9386 
10 3792 
116850 
17240 
2 3618 
3 1852 
3 8479 
5 0385 
6 3434 
6 9561 
7 7675 
8 5770 
9 3439 
0 3934 
1 1538 
2 0094 
2 7327 
3 9056 
5 3059 
6 0214 
6 7093 
7 2842 
8 4308 
- 0 8729 
0 08719 
1 1562 
2 3156 
3 5259 
4 5879 
5 3483 
6 3018 
6 9782 
8 2844 
-1 1299 
-0 4037 
0 5417 
12887 
2 4304 
3 4521 
3 8223 
4 7125 
5 9135 
6 8396 
Table 11: Change in adiabatic compressibility (Ap, x lO", cm^/dyne) of sodium chloride in O.IM 
aqueous urea solution as functions of concentration (molality, m) and temperature (K). 
Temperature (K) 
(m) 298 15 303 15 308 15 313 15 318 15 
01 
02 
04 
07 
08 
09 
0 815 
1834 
2 652 
4 057 
5 026 
4 959 
0 891 
1814 
2 716 
3 902 
4 927 
4 809 
0 901 
0 178 
2 688 
3 708 
4 755 
4 641 
0 849 
1717 
2 571 
3 475 
4 509 
4 454 
0 741 
1645 
2 374 
3 206 
4 197 
4 253 
Table 12: Change in adiabatic compressibility (Ap, x 10*^ , cm^/dyne) of potassium chloride in O.IM 
aqueous area solution as functions of concentration (molality, m) and temperature (K). 
Temperature (K) 
(m) 298 15 303 15 308 15 313 15 318 15 
01 
02 
03 
05 
07 
09 
1697 
1556 
2 340 
3 230 
4 248 
5 093 
1714 
1643 
2 115 
3 077 
3 998 
4 779 
1602 
1645 
1982 
2 919 
3 807 
4 519 
1 362 
1563 
1935 
2 756 
3 676 
4 309 
0 988 
1406 
1974 
2 590 
3 594 
4 152 
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Table 13: Relative change in adiabatic compressibility (Ap^ xlO )^ of leucine in O.IM aqueous urea 
solution as functions of concentration (molality, m) and temperature (K), 
Temperature (K) 
(in) 298 15 303 15 308 15 313 15 318 15 
0 01 
0 02 
0 03 
0 04 
0 05 
006 
0 07 
0 08 
0 09 
0 10 
0 4959 
0 7208 
0 8297 
10034 
12372 
15676 
17435 
2 0066 
2 3300 
2 6232 
0 3722 
0 5373 
0 7246 
0 8754 
1 1463 
14431 
15825 
17671 
19513 
2 1257 
0 0906 
0 2657 
0 4627 
0 6292 
0 8993 
12218 
13865 
15449 
16773 
19413 
-0 2032 
0 0203 
0 2691 
0 5390 
0 8208 
10680 
12450 
14669 
16244 
19285 
-0 2656 
-0 0949 
0 1273 
0 3029 
0 5712 
08113 
0 8983 
1 1075 
13898 
16074 
Table 14: Relative change in adiabatic compressibility of sodium chloride 
solution as functions of concentration (molality, m) and temperature (K). 
Temperature (K) 
in O.IM 
(m) 298 15 303 15 308 15 313 15 
aqueous urea 
318 15 
0 1 
0 2 
0 4 
0 7 
0 8 
09 
0 0183 
0 0412 
0 0595 
0 0911 
0 1128 
0 1113 
0 0203 
0 0413 
0 0618 
0 0888 
0 1121 
0 1094 
0 0207 
0 0409 
0 0619 
0 0854 
0 1095 
0 1069 
0 0198 
0 0400 
0 0599 
0 0809 
0 1050 
0 1037 
0 0174 
0 0387 
0 0558 
0 0753 
0 0987 
0 0999 
Table 15: Relative change in adiabatic compressibility of potassium chloride in O.IM 
solution as functions of concentration (molality, m) and temperature (K). 
Temperature (K) 
(m) 298 15 303 15 308 15 313 15 
aqueous urea 
318 15 
0 1 
0 2 
0 3 
0 5 
0 7 
0 9 
0 0381 
0 0349 
0 0525 
0 0725 
0 0954 
0 1143 
0 0390 
0 0374 
0 0481 
0 0699 
0 0909 
0 1087 
0 0369 
0 0379 
0 0456 
0 0672 
0 0877 
0 1040 
0 0317 
0 0364 
0 0450 
0 0642 
0 0856 
0 1003 
0 0232 
0 0331 
0 0464 
0 0609 
0 0845 
0 0976 
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Since the plots do not pass through the origin, it was modified as APs= Sn'm in which 
n' is an arbitrary parameter the inclusion of which eventually gave the linear plots of Ps 
versus n'm as shown in Figs. 13-15. Similarly, the relative change in adiabatic 
compressibility was obtained as follows; 
Pso = Psoniso —54 
or (Ps /Pso) - 1= niso - 1 = m. —55 
Equation 55 was modified to the following form (Eq.56), 
(Ps-Pso)/Pso = m" —56 
in order to evaluate the extent of deviation in the plots of APs /Pso against m as shown 
in Figs. 16-18. Equation 56 is rearranged in logarithmic form (Eq.57) for the purpose 
of evaluating n, 
log(Aps/pso) =nlogm. —57 
The values of n' and n thus obtained seem to be a measure of the extent of deviation 
from ideal behaviour which, in turn, may be viewed as a measure of the extent of weak 
interaction in the systems under investigation. The values of n' and n are listed in 
Tables 16-21. The linear plots shown in Figs. 13-15 and 16-18 support the aforesaid 
contention. 
The values of specific acoustic impendance, Z, of the systems under 
investigation are listed in Tables 22-24. An examination of these tables indicates that 
the values of specific acoustic impedance increase with an increase in temperature as 
well as in concentration (Figs. 19-21). In the case of amino acid (i.e., leucine) the 
increase in the value of Z may perhaps be attributed to an apparent reduction in the 
repulsive forces (dissociation) with increase in temperature. The trend in the behaviour 
of Z with variations in temperature and solute concentration is consistent with that 
shown by the ultrasonic velocity. This reinforces the conclusions drawn above. 
The contribution of H-bonds to the surface tension of water has been reported 
by Luzar [248], Substantial progress has been made in the description and 
understanding of bulk liquid water [249]. Based on either on the distribution function 
method [250] or on the cell theory of liquids proposed originally by Lennard-Jones and 
Devonshire [251] it is possible to calculate the specific excess surface free energy, F°, 
and hence to obtain the surface tension, o, from the expression (Eq.58). 
a = (aF°/aa>r,v —58 
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Table 16:Computed values of n' for leucine in 0.1 M aqueous urea solution. 
Temperature (K) 
(in) 298 15 303 15 308 15 313 15 318 15 
0 01 2 2090x10" 17239x10" 3 9340x 10" 8 7287x10" 1 1299x10" 
0 02 16054x10" 11809x10'" 5 7685x10''^ 4 3593x10"'^ 2 0187x10'^ 
0 03 12320x10" 10617x10"" 6 6977x10"'^ 3 8540x10'^ 18058x10"'^ 
0 04 11512x10" 9 6195x10"'^ 6 8300x10"'^ 5 7875x10'^ 3 2200x10"'^ 
0 05 11022x10" 10076x10"" 7 8100x10"^^ 7 0500x10"'^ 4 8606x10'^ 
0 06 11638x10" 10572x10"" 8 8417x10"'^ 7 6450x10"'^ 5 7533 x 10'^ 
0 07 11094x10" 9 9371x10'^ 8 6014x10"'^ 7 6399x10"'^ 5 4600 x 10'^ 
0 08 11172x10" 9 7087x10"'^ 8 3862x10"'^  7 8771x10'^ 5 8900x10"'' 
0 09 11522x10"" 9 5289x10"'^ 8 0933x10"'^ 7 7533x10"'^ 6 5699x10'^ 
0 10 1 1680 x 10"" 9 34299 x 10"'^  8 4299 x 10"'^  8 2840 x 10"'^  6 8390 xlO"'^  
Table 17: Computed values of n' (x 10"*^ ) for sodium chloride in 0.1 M aqueous urea solution. 
Temperature (K) 
(iii) 298 15 303 15 308 15 313 15 318 15 
01 
02 
04 
07 
08 
09 
8 1450 
9 1700 
6 6300 
5 7957 
6 2825 
5 5100 
8 9050 
9 0700 
6 7900 
5 5743 
6 1587 
5 3656 
9 0090 
0 8875 
6 7200 
5 2971 
5 9437 
5 1567 
8 4870 
8 5850 
6 4275 
4 9643 
5 6863 
4 9489 
7 4050 
8 2250 
5 9350 
4 5800 
5 2463 
4 663 
Table 18:Computed values of n' (x 10"") for potassium chloride in 0.1 M aqueous urea 
solution. 
(m) 
01 
02 
03 
05 
07 
09 
298 15 
0 1697 
7 7785 
7 7987 
6 4606 
6 0691 
5 6588 
303 15 
0 1714 
8 2165 
7 0493 
6 1536 
5 7109 
5 3097 
Temperature (K) 
308 15 
0 1602 
8 2230 
6 6057 
5 8384 
5 4380 
5 0206 
313 15 
0 1362 
7 8165 
6 4493 
5 5118 
5 2518 
4 7882 
318 15 
9 8780 
7 0320 
6 5790 
5 1804 
5 1347 
4 6137 
Table 19:Computed values of n for leucine in O.IM aqueous urea solution. 
(m) 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
298.15 
1.1523 
1.2609 
1.3665 
1.4296 
1.4660 
1.4772 
1.5228 
1.5475 
1.5612 
1.5812 
Temperature (K) 
303.15 
1.2146 
1.3360 
1.4055 
1.4720 
1.4917 
1.5065 
1.5592 
1.5979 
1.6349 
1.6726 
308.15 
1.5215 
1.5160 
1.5330 
1.5746 
1.5727 
1.5659 
1.6090 
1.6511 
1.6978 
1.7119 
Table 20:Computed values of n for sodium chloride in O.IM aqueous urea 
(m) 
0.1 
0.2 
0.4 
0.7 
0.8 
0.9 
298.15 
1.7380 
1.9822 
3.0795 
6.7170 
9.7791 
20.6692 
Table 21: Computed values of n for 
(m) 
0.1 
0.2 
0.3 
0.5 
0.7 
0.9 
298.15 
1.4191 
2.0843 
2.4473 
3.7855 
6.5885 
20.5831 
Temperature (K) 
303.15 
1.6934 
1.9806 
3.0399 
6.7919 
9.8070 
21.0016 
potassium chloride in ( 
Temperature (K) 
303.15 
1.4089 
2.0420 
2.5202 
3.8365 
6.7218 
21.0611 
308.15 
1.6832 
1.9865 
3.0382 
6.7972 
9.9121 
21.2299 
9.1 M aqueous i 
308.15 
1.4330 
2.0340 
2.5641 
3.8949 
6.8252 
21.4777 
313.15 
1.3460 
2.1734 
1.6876 
1.6227 
1.6032 
1.6008 
1.6493 
1.6716 
1.7111 
1.7149 
I solution. 
313.15 
1.7044 
2.0003 
3.0741 
7.0534 
10.1045 
21.5095 
urea solution 
313.15 
1.4989 
2.0587 
2.5750 
3.9623 
6.8923 
21.8244 
318.15 
1.2879 
1.7792 
1.9011 
1.8017 
1.7242 
1.7112 
1.7721 
1.7827 
1.7760 
1.7940 
318.15 
1.7594 
2.0210 
3.1516 
7.2511 
10.3820 
21.8581 
318.15 
1.6342 
2.1185 
2.5505 
4.0380 
6.9287 
22.0858 
Table 22: Specific acoustic impedance (Z x 10^, kg m^  s') of leucine in 0.1 M aqueous urea 
solution as functions of molality, m and temperature (K). 
Temperature (K) 
(iii) 298 15 303 15 308 15 313 15 318 15 
0 00 
0 01 
0 02 
0 03 
0 04 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
1496 90 
150100 
1503 00 
1504 10 
1505 80 
1507 50 
1510 50 
1512 10 
1514 30 
1517 10 
1519 80 
1505 70 
1509 20 
1510 60 
1512 20 
1513 50 
1515 70 
151860 
1519 80 
152140 
1523 10 
1524 90 
1513 58 
1514 50 
1516 40 
1518 20 
1519 50 
1521 70 
1524 80 
1526 20 
1527 60 
1528 90 
153140 
1520 45 
1519 40 
152140 
1523 60 
1525 70 
1527 90 
1530 50 
153190 
1533 90 
1535 30 
1538 10 
1526 20 
1524 60 
1526 20 
1528 30 
1529 70 
153190 
1534 20 
1534 90 
1536 80 
1539 30 
1541 30 
Table 23: Specific acoustic impedance (Z x 10^, kg m^  s~*) of sodium chloride in 0.1 M 
solution as functions of molality, m and temperature (K). 
(m) 298 15 
Temperature (K) 
303 15 308 15 313 15 
aqueous urea 
318 15 
0 00 1496 90 1505 70 1513 60 1520 50 1526 20 
0 01 1517 70 1529 30 1538 10 1544 30 1547 80 
0 02 1549 70 1560 30 1568 70 1574 90 1579 00 
0 04 1565 30 1577 70 1586 70 1592 30 1594 40 
0 07 160120 1609 10 1614 20 1616 50 1616 00 
0 08 1629 00 1638 60 1644 90 1647 90 1647 60 
0 09 1627 30 1636 00 1642 50 1646 70 1648 50 
Table 24: Specific acoustic impedance (Z x 10"*, kg m^  s') of potassium chloride in 
urea solution as functions of molality, m and temperature, (K). 
(m) 298 15 
Temperature (K) 
303 15 308 15 313 15 
0.1 M aqueous 
318 15 
000 
0 10 
0 20 
0 30 
0 50 
0 70 
0 90 
1496 9 
1542 9 
1540 0 
1558 3 
1578 5 
1608 0 
1630 4 
1505 7 
1554 2 
1552 3 
1565 0 
1588 3 
1616 0 
1636 8 
1513 6 
15613 
15614 
1572 0 
1595 9 
1623 3 
1642 4 
1520 5 
1564 4 
1567 1 
1578 3 
16012 
1629 8 
1647 2 
1526 2 
1563 0 
1570 0 
1584 7 
1604 2 
1635 5 
1651 1 
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where a is the area of the surface, T is the absolute temperature and V is the volume of 
the system The aim is to estimate as to how much the hydrogen bonding in liquids 
such as water, contribute to the total surface tension The calculated surface energy and 
surface entropy compare favourably with the measured values The difference, lying 
within ± 20% of the true value may be due to the neglect of non-hydrogen- bond 
interactions and other simplifications of the model and calculation In a more elaborate 
study, other types of interactions, such as dipole-dipole, dipole-quadrupole, 
quadrupole-quadrupole, etc interactions should also be taken into consideration [252] 
Recent computations [253-256] confirm, however, that" even with new rapid sampling 
techniques, accurate values of the surface tension are difficuh to obtain for complex 
system such as water [254]" The values for the surface tension of water at 25°C, 
reported in studies cited above, range from ~ 50 to ~ 100 mN/m The surface tension 
is obtained by using Eq 33, 
a = 64xl0-^xu' '^xp —33 
given above The values of surface tension are listed in Tables 25-27 at several 
temperatures for each of the compositions studied The values of surface tension are 
found to increase linearly with the increases in temperature and solute concentration as 
shown in Figs 22-24 As is well known that the surface tension of any liquid is a 
direct consequence of its cohesive forces, an increase in the values of surface tension 
with increase in temperature lends support to the idea of reduction in dissociation as 
temperature increases 
Using the experimental values of density and ultrasonic velocity, the isothermal 
compressibility of leucine, sodium, and potassium chloride solutions in 0 1 M urea 
have been evaluated (Table 28-30) by using the McGowan relation [48] given above as 
Eq 34 and that of Pandey's Eq 34a given in the theoretical section 
P j^ - 1 33x10-' / (6 4x10-" u''V)"' -^"^ 
PT^ = 17 1xlO-^/r*Vp' ' ' -34a 
Subscripts Tl and T2 are used in Eqs 34 and 34a, respectively, in place of T given in 
the theoretical section in order to differentiate between the compressibility values of 
the two equations, i e, 34 and 34a A good agreement has been found between the 
compressibility values obtained by using Eqs 34 and 34a In each of the systems 
studied, the overall trend in the isothermal compressibility has been found to be 
decreasing with increase in concentration as well as in temperature as shown in Figs 
Table 25: Surface tension (o x 10^ N/m or o, 
solution as functions of concentration (molality, 
(m) 298 15 
dyne/cm) of leucine in 0.1 M aqueous 
m) and temperature (K). 
Temperature (K) 
303 15 308 15 313 15 
urea 
318 15 
0 00 
0 01 
0 02 
0 03 
0 04 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
37 10 
37 24 
37 31 
37 34 
37 40 
37 46 
37 56 
37 62 
37 69 
37 79 
37 88 
37 45 
37 57 
37 62 
37 67 
37 72 
37 80 
37 89 
37 93 
38 00 
38 05 
38 10 
37 78 
37 81 
37 87 
37 93 
37 98 
38 06 
38 16 
38 21 
38 25 
38 30 
38 38 
38 07 
38 02 
38 09 
38 17 
38 24 
38 33 
38 41 
38 46 
38 53 
38 58 
38 67 
38 33 
38 26 
38 31 
38 38 
38 43 
38 51 
38 59 
38 61 
38 68 
38 76 
38 83 
Table 26: Surface tension (a, dyne/cm) of NaCl 
concentration (molality, m) and temperature (K). 
(m) 29815 303 15 
in O.IM aqueous 
Temperature (K) 
308 15 
urea solution 
313 15 
as functions of 
318 15 
0 00 
0 10 
0 20 
0 30 
0 40 
0 50 
0 70 
0 80 
0 90 
37 10 
37 70 
38 55 
38 43 
39 12 
39 21 
40 25 
4109 
4103 
37 45 
38 14 
38 94 
38 95 
39 59 
39 59 
40 56 
4147 
4137 
37 78 
38 49 
39 28 
39 37 
39 94 
39 89 
40 80 
4174 
4165 
38 07 
38 76 
39 55 
39 68 
40 19 
40 12 
40 95 
4190 
4185 
38 33 
38 94 
39 76 
39 89 
40 32 
40 25 
4102 
4195 
4199 
Table 27: Surface tensdon (a, dyne/cm) of potassium chloride in 0.1 M aqueous urea solution 
functions of concentration (molality, m) and temperature (K). 
Temperature (K) 
(m) 298 15 303 15 308 15 313 15 318 15 
0 00 
0 10 
0 20 
0 30 
0 50 
0 70 
0 90 
37 10 
38 40 
38 30 
38 88 
39 55 
40 42 
41 14 
37 45 
38 82 
38 76 
39 14 
39 89 
40 70 
4136 
37 78 
39 10 
39 12 
39 41 
40 17 
40 96 
4158 
38 07 
39 24 
39 37 
40 08 
40 38 
4122 
4178 
38 33 
39 24 
39 52 
39 99 
40 55 
4146 
4196 
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Table 28: Isothermal compressibility (PT X 10^ ", cm^/dyne) of leucine in O.IM aqueous urea solution 
as functions of concentration (molality, m) and temperature (K). 
(m) 
000 
0 01 
0 02 
0 03 
0 04 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
298 15 
5 8855 
5 8516 
5 8358 
5 8279 
5 8140 
5 8001 
5 7768 
5 7648 
5 7467 
5 7246 
5 7042 
Table 29: Isothermal compressibility (PT I 
Temperature (K) 
303 15 
5 8014 
5 7745 
5 7641 
5 7513 
5 7410 
5 7232 
5 7019 
5 6926 
5 6799 
5 6674 
5 6547 
: 10*", cm 
308 15 
5 7267 
5 7202 
5 7074 
5 6939 
5 6829 
5 6654 
5 6427 
5 6319 
5 6211 
5 6120 
5 5938 
313 15 
5 6609 
5 6726 
5 6575 
5 6408 
5 6234 
5 6053 
5 5879 
5 5765 
5 5617 
5 5511 
5 5308 
Vdyne) of sodium chloride in O.IM 
solution as functions of concentration (molality, m) and temperature (K). 
(m) 
0 0 
0 1 
02 
0 4 
0 7 
0 8 
0 9 
298 15 
5 8855 
5 7449 
5 5566 
5 4356 
5 2088 
5 0495 
5 0598 
Table 30: Isothermal compressibility (PT 
urea solution as functions of concentration 
(m) 
0 0 
0 1 
0 2 
0 3 
0 5 
0 7 
0 9 
298 15 
5 8855 
5 5883 
5 6099 
5 4843 
5 3455 
5 1739 
5 0399 
Temperature (K) 
303 15 
5 8014 
5 6470 
5 4729 
5 3400 
5 1478 
4 9804 
4 9974 
308 15 
5 7267 
5 5697 
5 4033 
5 2688 
5 1035 
4 9321 
4 9483 
313 15 
5 6609 
5 5120 
5 3472 
5 2208 
5 0753 
4 9039 
49119 
X lO'", cm^/dyne) of potassium chloride in 
(molality, m) and temperature (K). 
Temperature (K) 
303 15 
5 8014 
5 4987 
5 5106 
54311 
5 2785 
5 1221 
4 9988 
308 15 
5 7267 
5 4393 
5 4351 
5 3755 
5 2239 
5 0727 
4 9604 
313 15 
5 6609 
5 4090 
5 3823 
5 2410 
5 1813 
5 0248 
4 9248 
318 15 
5 6046 
5 6201 
5 6084 
5 5936 
5 5821 
5 5650 
5 5486 
5 5429 
5 5292 
5 5106 
5 4961 
aqueous urea 
318 15 
5 6046 
5 4732 
5 3042 
5 1952 
5 0629 
4 8951 
4 8880 
O.IM aqueous 
318 15 
5 6046 
5 4093 
5 3514 
5 2580 
5 1506 
4 9805 
4 8918 
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25-27. The decrease in the values of isothermal compressibility with an increase in 
temperature may be associated with the loss of water molecules around the ions 
The isothermal compressibility of aqueous sodium chloride, sodium sulphate, 
and magnesium sulphate solutions measured at 0-45°C [257] show a decrease with 
increase in concentration. If it is assumed that the size of the ion is not pressure 
dependent and the electrostricted water is akeady compressed to its maximum extent 
by the charge on the ions, the compressibility of a solution is mainly due to the effect 
of pressure on the bulk (non-hydrated) water molecules. As the concentration of the 
electrolyte increases and a larger portion of the water molecules are electrostricted, the 
amount of bulk water decreases causing the compressibility to decrease [258]. For the 
electrolytes with large hydration numbers such as magnesium and sodium sulphates, 
one would expect change in compressibility with concentration to be much more 
negative than electrolytes such as sodium chloride with small hydration number. This 
would indicate that the concentration dependence of compressibility becomes greater 
as the number of water molecules affected by the ions' increase. The temperature 
dependence of compressibility is also negative for all the solutions studied below 25°C 
[258]. The compressibility of water also decreases with temperature to a minimum 
value near 46°C. A number of workers [259-262] have postulated that this is due to 
the existence of two structural types of water aggregates at a given temperature (a 
structured form and a non-structured or less structured form). The change in 
compressibility with temperature for the structured form is negative, while it is positive 
for the less structured form. At low temperatures, the structured form is the 
predominant species while at higher temperatures the non-structured form 
predominates. Water is regarded as an equilibrium mixture of two structures such as 
an ice-like structure and a close-packed structure [263-264]. The compressibility of 
liquid water is expressed as sum of the two contributions: an instantaneous part of 
compressibility and a relaxational part of compressibility [263]. The relaxational time 
corresponding to relaxational contribution of compressibility is of the order of 10"" 
sec. The product of the angular frequency and the relaxation time becomes much less 
than one under such a situation. Thus, the effect of the said product is ignored while 
expressing compressibility in terms of mere two contributions, i.e., instantaneous part 
of compressibility and the relaxational part. With increase in temperature the 
instantaneous part of compressibility increases due to thermal expansion while the 
relaxational part decreases due to thermal rupture of the ice-like structure. Thus, the 
decrease of compressibility with increase in temperature is attributed to a decrease in 
the relaxational part of compressibility, which is dominant over the increase of 
instantaneous part [245]. 
It is well known that at neutral pH, amino acids exist as zwitter-ions and on 
dissolution in water there is an overall decrease in the volume of water due to the 
contraction of water near the end groups and is termed as electrostriction [265]. 
According to the Kirkwood model, addition of sodium sulphate will coordinate the 
hydration spheres of the sodium ions with those of the carboxylate ions and those of 
the sulphate ions with the hydration spheres of the ammonium ions. As a result of 
these interactions, the water molecules are allowed to relax to the bulk state, and thus 
account for the positive transfer volumes and transfer adiabatic compressibility of the 
amino acids. 
The overall trend in internal pressure obtained (Tables 31-33) by using Eq.35 
has been found to be increasing with increase in temperature which may apparently be 
attributed to a decrease in the repulsive forces among the components of the system. 
In addition, the change in the concentration of solution also brings about changes in 
internal pressure, even though it is not as significant as in that of temperature. For 
example, at 298.15 Kthe values of Pi record insignificant changes fi"om 1.465 to 1.575 
when solute concentration is increased from 0.010 to 0.090 m/1 in the case of leucine-
aqueous urea system. Similarly, the increases in the Pi values range from 1.677 to 
1.689, 1.895 to 1.981, 2.119 to 2.292, and 2.357 to 2.611 at 303.15, 308.15. 313.15, 
and 318.15 K, respectively. On the other hand, the temperature variations from 298.15 
to 318.15 K record comparatively significant increases in such values. These are from 
1.465 to 2.357, 1.467 to 2.359, 1.409 to 2.363, 1.510 to 2.281, 1.363 to 2.580, and 
1.464 to 2.631 for 0.010, 0.020, 0.030, 0.040, 0.060, and 0.100 m/1, respectively, It is 
noteworthy that internal pressure has direct relevance in respect of the force of 
intermolecular interaction since it happens to be the outcome of such forces per unit 
area. Consequently, relatively close packing is envisaged with increase in temperature 
as evidenced by the results given above. Similar conclusions may be dravra in the 
cases of NaCl-aqueous urea and KCl-aqueous urea systems. These are in accord with 
the corresponding results. In addition, the slope values of apparently linear plots of 
variation in the values of internal pressure with temperature and solute concentration 
are, on the average, close to zero and zero, respectively. This may be taken / 
Table 31: Internal Pressure (P, x 10 ^ N m )^ of leucine in 0.1 M aqueous urea solution as functions of 
concentration (molality, m) and temperature (K). 
(m) 
0 00 
0 01 
0 02 
0 03 
0 04 
0 05 
006 
0 07 
0 08 
0 09 
0 10 
298 15 
1536 
1465 
1423 
1467 
1424 
1409 
1368 
1510 
1465 
1592 
1544 
1363 
1321 
1448 
1404 
1451 
1406 
1575 
1525 
1464 
1418 
Temperature (K) 
303 15 
1721 
1677 
1638 
1678 
1639 
1635 
1596 
1693 
1653 
1749 
1706 
1649 
1608 
1706 
1664 
1709 
1666 
1773 
1728 
1734 
1689 
308 15 
1915 
1895 
1862 
1896 
1863 
1868 
1835 
1882 
1848 
1908 
1873 
1947 
1911 
1976 
1938 
1978 
1940 
1980 
1942 
2 021 
1981 
313 15 
2 115 
2 119 
2 096 
2 122 
2 098 
2111 
2 086 
2 080 
2 055 
2 076 
2 050 
2 259 
2 231 
2 257 
2 228 
2 261 
2 231 
2 200 
2 170 
2 325 
2 292 
318 15 
2 322 
2 357 
2 345 
2 359 
2 347 
2 363 
2 350 
2 281 
2 267 
2 243 
2 229 
2 580 
2 564 
2 543 
2 526 
2 547 
2 530 
2 422 
2 404 
2 631 
2611 
Table 32: Internal Pressure (Pi x 10 ^ N m ^ ) of sodium chloride in 0.1 M aqueous urea solution as 
functions of concentration (molality, m) and temperature (K). 
(m) 
00 
01 
02 
298 15 
1531 
2 931 
2 774 
3 018 
2 850 
303 15 
1721 
3 029 
2 883 
3 111 
2 956 
remperature (K) 
308 15 
1915 
3 123 
2 990 
3 204 
3 063 
313 15 
2 115 
3211 
3 094 
3 296 
3 170 
318 15 
2 322 
3 295 
3 195 
3 387 
3 277 
90 
03 
04 
07 
08 
09 
3 145 
2 966 
3 278 
3 080 
3 568 
3 335 
3 632 
3 386 
3 632 
3 385 
3 262 
3 093 
3 388 
3 202 
3 672 
3 454 
3 744 
3 512 
3 737 
3 505 
3 372 
3 215 
3 490 
3 319 
3 772 
3 570 
3 846 
3 631 
3 839 
3 624 
3 474 
3 332 
3 584 
3 430 
3 873 
3 689 
3 939 
3 744 
3 939 
3 742 
3 567 
3 442 
3 669 
3 534 
3 958 
3 796 
4 021 
3 847 
4 036 
3 858 
Table 33: Internal Pressure (Pi x 10 ^  N m'^ ) of potassium chloride in O.IM aqueous urea solution as 
functions of concentration (molality, m) and temperature (K). 
(m) 
00 
01 
02 
03 
05 
07 
09 
298 15 
1536 
2 932 
2 836 
3 609 
3 483 
3 030 
2 918 
3 705 
3 555 
3 553 
3 398 
3 229 
3 079 
Temperature (K) 
303 15 
1721 
3 028 
2 946 
3 729 
3 621 
3 107 
3 013 
3 799 
3 669 
3 636 
3 502 
3 302 
3 171 
308 15 
1915 
3 122 
3 055 
3 842 
3 754 
3 191 
3 114 
3 893 
3 786 
3 723 
3 611 
3 378 
3 267 
313 15 
2 115 
3 213 
3 164 
3 948 
3 882 
3 283 
3 224 
3 987 
3 904 
3 817 
3 726 
3 458 
3 366 
318 15 
2 322 
3 299 
3 268 
4 045 
4 003 
3 383 
3 341 
4 082 
4 023 
3 915 
3 846 
3 541 
3 469 
91 
considered as an additional support for the presence of weak intermolecular / interionic 
interactions in the systems under investigation. Such a conclusion reinforces an almost 
ideal behaviour envisaged by the equations proposed above for the change and relative 
change in adiabatic compressibility. It seems that the increase in the values of internal 
pressure is closely associated v^ i^th the expansivity of the system with temperature, as a 
consequence of which the molecular / ionic species or clusters get closer to the extent 
envisaged by the expansivity of the system under investigation. This will, therefore, 
account for the increases in the Pi values with successive increases in temperature. It is 
noteworthy that the coefficient of expansion / expansivity also exhibits apparently 
linear increases with temperature with almost the same or close slope values to those of 
the internal pressure versus temperature plots. Consequently, an apparent increase in 
internal pressure with increases in temperature and solute concentration is 
understandable. 
The solubility parameter, 8, is obtained by taking the square root of the internal 
pressure as shown in Eq.59, 
6 = (?if^ —59 
The overall trend (Tables 34-36) in the behaviour of solubility parameter has been 
found to be increasing with increase in temperature. Such an increase may be 
attributed to an increase in the cohesive energy density. In view of the fact that the 
solubility parameter happens to be the square root of the internal pressure, similar trend 
in the variation of its values is envisaged as that in those of the Pi values. Such a 
contention is reinforced when a representative case of leucine-aqueous urea system is 
examined. For example, on increasing the temperature from 298.15 to 318.15 K, the 5 
values show increases from 1.21 to 1.54 and 1,21 to 1.62 (xlO'* N '^^  m"') in the 
respective cases of 0.01 and 0.10 m/1, while such changes are insignificant when 
examined at a particular temperature for variations in solute concentration. For 
example, at 298.15 and 303.15 K, no perceptible change is recorded in the values of 5 
when solute concentration is increased from 0.01 to 0.10 m/1 unlike the insignificant 
changes recorded at 308.15, 313.15, and 318.15 K for such variations in the 
concentration of solute (Table: 34). Such conclusions may also be dravra in the cases 
of NaCl-/ KCl-aqueous urea systems as supported by the data listed in Tables 35 and 
36. The structure-making and structure-breaking roles of NaCl and KCl, respectively. 
Table 34: Solubility parameter (5, N^ m') of leucine in O.IM aqueous urea solution as functions of 
concentration (molality, m) and temperature (K). 
(m) 
0 00 
0 01 
0 02 
0 03 
0 04 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
298 15 
12104 66 
12104 66 
11927 43 
12112 14 
11933 01 
11870 92 
11694 49 
12289 34 
12105 08 
12616 47 
12425 66 
11674 19 
11495 05 
12033 72 
11847 69 
12046 39 
11858 10 
12549 25 
12350 45 
1210100 
11906 94 
Temperature (K) 
303 15 
12951 54 
12951 54 
12799 74 
12954 25 
12801 14 
12787 45 
12634 74 
13013 50 
12856 82 
13224 87 
13063 38 
12842 03 
12682 60 
13063 17 
12899 83 
13071 54 
12906 49 
13314 90 
13145 15 
13167 53 
12998 05 
308 15 
13766 43 
13766 43 
13647 12 
13769 77 
13649 07 
13666 88 
13545 30 
13718 39 
13594 90 
13813 71 
13687 00 
13954 10 
13823 04 
14055 97 
13922 46 
14063 27 
13928 20 
14071 88 
13935 47 
14216 50 
14076 16 
313 15 
14557 84 
14557 84 
14477 02 
14568 20 
14485 18 
14528 73 
14443 57 
14422 88 
14335 87 
14407 63 
14318 15 
1503115 
14935 22 
15024 03 
14926 44 
15037 64 
14937 77 
14832 59 
14732 51 
15247 68 
15141 72 
318 15 
15352 76 
15352 76 
15313 45 
15359 50 
1531841 
15373 59 
15330 21 
15102 21 
15057 87 
14978 15 
1493163 
16063 78 
1601127 
15947 05 
15894 01 
15960 59 
15905 30 
15563 02 
15506 22 
16221 64 
16160 06 
Table 35: Solubility parameter (5, N^ m~') of sodium chloride in O.IM aqueous urea solution as 
functions of concentration (molality, m) and temperature (K). 
(m) 
000 
0 10 
0 20 
0 30 
298 15 
12104 7 
17119 1 
16653 9 
173718 
168814 
17734 7 
303 15 
129515 
17402 9 
16979 5 
17638 5 
17192 9 
180612 
remperature (K) 
308 15 
13766 4 
176710 
17292 4 
17899 3 
17500 3 
18362 5 
313 15 
14557 8 
17920 2 
17589 7 
18154 2 
17803 3 
18637 9 
318 15 
15352 8 
18152 7 
17873 2 
18404 2 
18102 9 
18885 4 
0 40 
0 70 
0 80 
090 
172217 
18104 5 
17550 8 
18890 1 
182619 
19056 8 
184013 
19056 9 
18398 4 
17586 6 
18405 0 
17894 3 
19162 4 
18583 9 
19348 8 
18740 6 
19330 9 
18722 2 
17930 8 
18680 8 
18217 5 
19421 1 
18895 1 
19612 0 
19056 1 
19594 1 
19037 5 
18253 5 
189313 
18519 6 
19680 2 
19207 3 
19847 3 
19348 2 
19846 3 
19344 1 
18552 7 
19154 5 
18798 6 
19895 4 
19482 1 
20052 5 
19614 7 
20088 6 
19642 9 
Table 36: Solubility parameter (5, N*^  m'*) of potassium chloride in O.IM aqueous urea solution as 
functions of concentration (molality, m) and temperature (K). 
(m) 
0 00 
0 10 
0 20 
0 30 
0 50 
0 70 
090 
298 15 
12104 70 
17124 21 
16840 54 
18996 69 
18664 19 
17406 12 
17083 60 
19248 48 
18854 04 
18849 74 
18435 23 
17970 60 
17548 29 
Temperature (K) 
303 15 
12951 50 
17401 54 
17164 51 
1931177 
19030 37 
17627 58 
17359 34 
19490 04 
19156 04 
19067 43 
18713 76 
18172 66 
17808 31 
308 15 
13766 40 
17668 05 
17479 93 
19602 07 
19375 90 
17863 39 
17648 34 
19730 10 
19457 38 
19295 86 
19002 29 
18380 87 
18074 21 
313 15 
14557 80 
17926 08 
17788 78 
19869 84 
19702 59 
18119 20 
17955 67 
19968 57 
19758 03 
19536 74 
19302 38 
18595 40 
18346 19 
318 15 
15352 80 
18162 13 
18079 02 
20113 08 
20008 44 
18392 82 
18279 58 
20205 43 
20057 94 
19786 10 
19610 66 
18817 74 
18625 63 
in affecting these parameters have already been discussed above in respect of adiabatic 
compressibility Similar conclusions may also be drawn here in the cases of P, and 8 
The pseudo-Gruneisen parameter, T, has been computed by using the relation 
(Eq60), 
r = ( y - l ) / a T —60 
in which y is the specific-heat ratio obtained from the relation, y = PT / Ps The 
variation in the values of pseudo-Gruneisen parameter for the liquefied argon (in the 
pressure range 100 to 200 atm), shows increases by 0 3, 7 3, and 20 2% in the 
respective cases of 100, 130, and 150°C This is similar to the observations for water 
[222], calcium fluoride [266] and other alkali-halides [267] while contrary to that for 
metals This shows that collection of molecules or clustering occurs in the liquid due to 
compression The values of pseudo-Gruneisen parameter are listed in Tables 37-39 
An overall decrease in their values with increase in temperature may apparently be 
attributed to an increase in the kinetic energy of the system The behaviour of pseudo-
Gruneisen parameter may also be understood in terms of expansivity of a system In 
view of the fact that F is inversely related to the coefficient of expansion, the trend in 
its behaviour will be opposite of that recorded for P,, which has direct dependence on 
a Thus, the entire discussion on P, holds good in the case of T when examined in 
view of the inverse dependence of T on the a values Consequently, the results of P,, 
6, as well as of F are consistent and their behaviour is physically understandable Also, 
the trend in their behaviour is in accord with that reported earlier in the cited literature 
In the present case, 
nn = (nsoVsopso - Vp)/nsVsopso —45 
in which nso, Vso, and Pso stand for the mole fraction, molar volume, and adiabatic 
compressibility of the aqueous-urea solution, respectively, which is used as solvent in 
the present case, while ns stands for the mole fraction of solute, and V and P stand for 
the molar volume and adiabatic compressibility of the solution, respectively The 
molar volume of solution has been calculated by using the relation, V = (nso Mso + 
ns Ms) / p where Mso = iv Mw + nurea Murea, in which nurea, and Murea stand for 
the mole fraction and the molecular weight of urea in solution, respectively nw and 
Mware the mole fraction and the molecular weight of water, respectively, while p is the 
density of solution Also, iiso = iw + nurea The results thus obtained show an 
understandable trend in the behaviour of the said properties In addition, the plots of 
Table 37: Pseudo-Gruneisen parameter (T) of leucine in 0.1 M aqueous urea solution as functions of 
concentration (molality, m) and temperature (K). 
(m) 
0 00 
0 01 
0 02 
0 03 
0 04 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
298 15 
3 735 
3 733 
3 888 
3 631 
3 448 
4 032 
3 798 
3 795 
3 502 
3 771 
Temperature (K) 
303 15 
3 292 
3 221 
3 381 
3 267 
3 168 
3 362 
3 252 
3 250 
3 135 
3 207 
308 15 
2 938 
2 936 
2 983 
2 963 
2 927 
2 871 
2 832 
2 830 
2 828 
2 773 
313 15 
2 643 
2 642 
2 659 
2 702 
2 712 
2 493 
2 498 
2 496 
2 567 
2 432 
318 15 
2 395 
2 395 
2 392 
2 481 
2 526 
2 198 
2 231 
2 229 
2 348 
2 163 
Table 38: Pseudo-Gruneisen parameter (T) of sodium chloride in 0.1 M aqueous urea solution as 
functions of concentration (molality, m) and temperature (K). 
(m) 
0 10 
0 20 
0 30 
0 40 
0 70 
0 80 
0 90 
298 15 
2 303 
2 188 
2 143 
2 080 
1934 
1882 
1890 
Temperature (K) 
303 15 
2 242 
2 131 
2 084 
2 023 
1889 
1835 
1844 
308 15 
2 190 
2 082 
2 034 
1975 
1851 
1796 
1804 
Table 39: Pseudo-Gruneisen parameter (T) of potassium chloride in 0.1 M 
functions of concentration (molality, m) and temperature (K). 
(m) 
0 1 
02 
0 3 
0 5 
0 7 
09 
298 15 
1836 
1521 
1813 
1508 
1562 
1727 
Temperature (K) 
303 15 
1786 
1479 
1770 
1466 
1 521 
1685 
308 15 
1745 
1442 
1731 
1429 
1483 
1647 
313 15 
2 145 
2 039 
1991 
1935 
1821 
1764 
1771 
aqueous urea 
313 15 
1712 
1412 
1682 
1397 
1449 
1612 
318 15 
2 107 
2 003 
1956 
1903 
1797 
1738 
1 743 
solution as 
318 15 
1687 
1 387 
1661 
1372 
1419 
1 581 
% 
hydration number (Tables 40-42) versus concentration of solutes (Figs, 28-30) indicate 
that, in general, in dilute solutions more water molecules are available around the 
solutes compared to those in higher concentrations as one may envisage. Even though 
some of the plots of hydration number against temperature (Figs. 31-33) especially for 
dilute solutions are apparently similar to that reported earlier [230] but those of the 
higher concentrations are almost insensitive to temperature variations as they have 
attained an almost constant value. An examination of Tables 40-42 indicates further 
that the number of water molecules in each of the systems studied decreases with 
increase in temperature and approaches an almost constant value at higher 
temperatures. Also, with increasing temperature, owing to the rupture of certain 
fraction of hydrogen bonds in water, the number of water molecules available for 
bonding also increases. 
The apparent molal volumes, <|>v were obtained [Tables 43(a)-45(a)] by using 
Eq. 61, 
<j>v= [{1000 (ps - po)} / m ps po] + Mw/po ...61 
where ps and po are the densities of the solution and water, respectively, m is the 
molality and Mw is the molecular weight of the solute. The values of ^ were least-
squares fitted to Eq. 62, 
<|)v = (t>v + Sv m —62 
in which the terms have their usual significance. The best-fit values are given in 
Tables 43(b)-45(b). The plots of <t>v versus m for the systems leucine, sodium chloride 
and potassium chloride each in O.IM aqueous urea solution are shown in Figs, 34-36. 
A decreasing trend in the values of apparent molal volume has been found with an 
increase in concentration. 
Quantitatively, the same results may be viewed on the basis of the continuum 
model [265,258] of a solution. This model has been used to obtain Eq. 63 [263], 
^° = V™ +DVh —63 
where Vn, is the intrinsic volume of a solute molecule, DVh is the change in the 
volume of hydration and Vb and Vh are the partial molar volumes of water in the bulk 
state and in the hydration shell of a solution, respectively. As explained above, 
addition of sodium sulphate decreases the electrostriction and this also means that DVh 
decreases as the electrostricted water becomes more like bulk water. Hence (|)v° 
increases on addition of sodium sulphate and (|>v(tr) is positive, assuming that Vm 
97 
Table 40: Hydration number of leucine in 0.1 M aqueous 
(molality, m) and temperature (K). 
Temperature (K) 
(m) 298.15 303.15 
urea solution 
308.15 
as functions of concentration 
313.15 318.15 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
32.5137 
19.9039 
13.3898 
11.3033 
10.0450 
10.8305 
9.7828 
9.6655 
10.0044 
10.1643 
34.2949 
18.5980 
13.9536 
10.9910 
10.4242 
11.0173 
9.5771 
8.9444 
8.4509 
8.1662 
20.2214 
12.3845 
10.1710 
8.2330 
8.2081 
9.4050 
8.3937 
7.7286 
7.0541 
7.4011 
-0.7298 
3.2436 
5.0319 
5.8007 
6.3930 
7.1165 
6.5296 
6.5359 
6.1481 
6.7537 
28.0858 
16,1755 
13.1417 
10.7162 
10.1563 
9.9937 
8.2074 
7.9767 
8.2420 
8.1029 
Table 41: Hydration number of sodium chloride in 0.1 M aqueous urea solution as functions of 
concentration (molality, m) and temperature (K). 
Temperature (K) 
(m) 298.15 303.15 308.15 313.15 318.15 
0.1 
0.2 
0.4 
0.7 
0.8 
0.9 
12.8330 
16.1792 
9.0857 
7.1999 
8.1253 
6.7430 
15.3684 
17.0017 
9.7798 
7.1521 
8.2011 
6.7581 
16.2573 
17.2230 
9.9694 
6.8944 
8.0639 
6.6470 
15.2359 
16.7031 
9.5925 
6,3854 
7.6808 
6.3801 
16.7530 
17.6149 
9.7158 
6,2203 
7,2913 
6,4085 
Table 42: Hydration number of potassium chloride in 0.1 M aqueous urea solution as functions of 
concentration (molality, m) and temperature (K). 
Temperature (K) 
(m) 298.15 303.15 308.15 313.15 318.15 
0.1 
0.2 
0,3 
0,5 
0.7 
0.9 
29.8546 
11.8570 
10.7345 
7.4784 
7.7248 
6.0571 
32.0367 
13,3013 
10,4112 
7.6783 
7.6852 
5,9129 
31.6223 
13,7511 
10,1606 
7.6377 
7,6160 
5.7442 
71,5595 
13,0713 
12,1222 
7.3012 
7,4863 
5.5206 
26.5814 
13.4546 
11.0085 
7.5115 
7.8523 
5.6929 
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Table 43(a): Apparent molal volume ((f)^ , cm /^mol or (f>v x 10^ mVmol) of leucine in 0.1 M aqueous 
urea solution as functions of concentration (molality, m) and temperature (K). 
(m) 
0 01 
0 02 
0 03 
0 04 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
298 15 
812 
86 2 
912 
96 1 
99 1 
92 7 
95 3 
96 0 
95 4 
93 9 
Temperature (K) 
303 15 
712 
812 
87 9 
93 7 
99 2 
89 4 
94 0 
94 8 
95 5 
93 0 
308 15 
712 
812 
84 6 
93 8 
99 4 
89 5 
94 1 
94 9 
95 6 
93 1 
313 15 
712 
813 
84 6 
93 9 
99 5 
913 
95 6 
96 3 
96 9 
• 95 2 
318 15 
712 
814 
84 7 
915 
97 6 
93 1 
97 2 
97 7 
97 0 
96 4 
Table 43(b): Limiting values of apparent molal volumes, ^ y" and Sv for leucine in O.IM aqueous urea 
solution at several temperatures (K). 
Temp (|)v° Sy Sums of Squares 
(K) of residuals 
298 15 176 583 -122 594 141809 
303 15 183 977 -200 070 298 350 
308 15 173 159 -45 6891 329 724 
313 15 186 228 -234 825 267 168 
318 15 187 663 -254 630 200 797 
Table 44(a): Apparent molal volume (^y, cm /^mol) of sodium chloride in 0.1 M aqueous urea solution 
as functions of concentration (molality, m) and temperature (K). 
(m) 
01 
02 
04 
07 
08 
09 
298 15 
149 36 
193 17 
127 45 
113 56 
118 92 
11175 
Temperature (K) 
303 15 
163 77 
202 00 
13181 
114 55 
120 05 
113 17 
308 15 
17106 
206 21 
134 26 
114 28 
120 53 
113 73 
313 15 
171 19 
205 77 
134 78 
112 71 
120 36 
113 45 
318 15 
165 13 
201 16 
133 62 
109 97 
119 66 
112 41 
105 
Table 44(b): Limiting values of apparent moial volumes, ^^^ and Sv for sodium chloride in O.IM 
aqueous urea solution at several temperatures (K). 
Temp 
(K) 
<t>v Sv 
100 274 
111018 
116 715 
117 312 
-113 341 
Sums of Squares 
of residuals 
1260 32 
1418 30 
1491 68 
1475 78 
1382 80 
298 15 
303 15 
308 15 
313 15 
318 15 
193 134 
202 927 
207 831 
207 801 
203 369 
Table 4S(a): Apparent moial volume (^y, cm^/mol) of potassium chloride in 0.1 M aqueous urea 
solution as functions of concentration (molality, m) and temperature (K). 
(m) 
01 
02 
03 
04 
05 
07 
09 
298 15 
289 15 
179 82 
16175 
143 93 
135 39 
134 86 
129 20 
Temperature (K) 
303 15 
308 59 
188 06 
166 94 
146 71 
142 23 
139 26 
13106 
308 15 
318 19 
19197 
169 54 
137 27 
146 61 
142 48 
133 05 
313 15 
321 13 
19153 
169 53 
147 74 
148 54 
144 53 
134 29 
318 15 
315 61 
187 20 
167 23 
146 22 
148 24 
145 56 
134 89 
Table 45(b): Limiting values of apparent moial volumes, <|>v' and S^  for potassium chloride in O.IM 
aqueous urea solution at several temperatures (K). 
Temp 
(K) 
<t>v Sv Sums of Squares 
of residuals 
298 15 
303 15 
308 15 
313 15 
318 15 
233 261 
246 867 
251 248 
253 981 
248 634 
-147 976 
-162 971 
-167 622 
-167 929 
-159 837 
8654 14 
10490 2 
12433 3 
12082 6 
11754 1 
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remains almost the same Increasing the concentration of sodium sulphate further 
decreases DVh and hence <l>v° increases The reduction in the electrostriction with 
increasing sodium sulphate concentration and temperature leads to decrease in the 
hydration number of the amino acid 
Volumetric and compressibility studies of leucine have been made by Millero 
et al [262] The apparent molal volumes, ^ and the apparent molal 
compressibility,<|)k(s) values have been linearly fitted to the equations, <|>v = <t)v° + Svm, 
and <|)k(s) = <|»k(s)° + Sk(s)ni, in which (|)v° = V and <}>k(s) = k° are, respectively, the 
infinite dilution partial molal volumes and adiabatic partial molal compressibilities, 
and Sv and Sk(s) are the experimental slopes The values of ^°, (|)k°(s), Sv and Sk(s) are 
found to be 107 74 cmVmol, -31 78 x 10"* cm' mor'bar'', - 0 059 and 13 61 x lO"*, 
respectively The above value of <|)v° was found to be very close to the other reported 
values, viz, 107 5 [263], 108 [267], and 107 75 [268] The Sv value is negative for 
leucine while other amino acids have positive Sv values [262] The partial molal 
volume of amino acids has been examined by a simple model, according to which, V 
(amino acid) = V(int) + V°(eiect), where V^imt) is the intrinsic partial molal volume of 
the amino acid while V°(eiect) is the electrostriction partial molal volume due to the 
hydration of the amino acid The V(nit) is made up of two terms, the van der Waals 
volume (Vw°) and the volume due to the packing effects (Vp°) V(mt) = V„° + Vp° 
The V(eiect) can be estimated fi"om the experimentally measured V provided a 
reasonable estimate can be made for V(mt) V(eiect) = V(ammo acd) - V(mt) The 
values of V(urt) may also be obtained fi^om the crystal molal volumes, Vcryst = (mol 
wt) / pcryst, making the appropriate corrections for the packing densities The packing 
density, p, is defined as, p = V„°/Vcryst = Vw7(Vw° + Vp°), where Vw° is the van der 
Waals volume and Vp° is the packing volume in the crystal Millero et al have also 
reported the number of water molecules hydrated to leucine (hydration number) as 3 93 
and 4 30 (fi-om compressibility) and 4 96 and 3 94 (fi-om volume data) using different 
methods Hakin et al [179] calculated the standard state volume (partial molal 
volume) and heat capacity values by using a semi-empirical model proposed by 
Helgeson and coworkers (HKF model) [269] At 298 15 K the experimental and 
calculated standard state volume are obtained as 106 81 and 105 97 cm'/mol, 
respectively In the present case of leucine-aqueous urea system, the value lies around 
107-108 cmVmol 
110 
The viscosity, r| was calculated by using Eq. 64, 
Tl = (tipl/toPo)XTlo . „64 
in which T^  is the viscosity of solution and r|o refers to that of the solvent while ti and pi 
are the time of fall and the density of the solution while to and po are the time of fall 
and the density of the solvent, respectively. The experimental viscosity data of several 
concentrations of solute (leucine / NaCl / or KCl) at different temperatures are listed in 
Tables 46(a)-48(a). The viscosities have been plotted against the solute concentration 
and also their best-fit plots are shown in Figs. 37-39. These plots exhibit an almost 
linear increase with increase in solute concentration. The TI values have also been 
fitted to a polynomial equation (Eq.65) of the form, 
Tl = Tlo +TI1C + Tl2C^ " " ^ ^ 
in which c stands for the concentration of solute. The best-fit parameters are listed in 
Tables 46(b)-48(b). An examination of these tables and figures shows that the T\ 
values decrease with an increase in temperature and increase with increase in 
concentration as envisaged in terms of variations in solute-solvent interactions with 
variations in temperature and solute concentration. 
The relative viscosity was obtained by using the relation (Eq.66), 
TlR = TI /T1O — 6 6 
Relative viscosity accounts for the relative change in viscosity of the system and gives 
sufficient information about the solvent-solute interaction. The relative viscosity is 
seen to be generally increasing with increases in temperature and concentration. The 
calculated values of In TIR/C are given in 
Tables 49-51. Plots of In TIR/C versus concentration (gm/ml) of solute (Figs. 40-42) 
show that the value of In TJR/C increases with increases in temperature and 
concentration. An examination of these plots show that the In TIR/C values increase 
rapidly as the concentration increases fi-om very dilute ones and eventually reaching 
almost constant values. It is noteworthy that such a plot exhibits an almost linear 
behaviour in the case of leucine-aqueous urea system at 318.15 K while at other 
temperatures, such plots exhibit behaviour similar to those of the NaCl-aqueous urea 
and KCl-aqueous urea systems. In addition, these plots show an almost linear 
variations with solute concentration fi-om 0.04 m/1, 0.02 g/ml, and 0.02 g/ml onwards 
in the respective cases of leucine- / NaCl- / KCl-aqueous urea systems. 
((( 
Table 46(a): Viscosity (r\ xlO ,^ N s m )^ of leucine in O.IM aqueous urea solution as functions of 
concentration (molality, m) and temperature (K). 
(m) 
000 
0 01 
0 02 
0 03 
0 04 
0 05 
0 06 
0 07 
0 08 
0 09 
0 10 
298 15 
9 3161 
8 7353 
8 6714 
8 7932 
8 7791 
8 7851 
8 8135 
8 8710 
8 9080 
9 1021 
9 2943 
Temperature (K) 
303 15 
8 1921 
7 7162 
7 6251 
7 6749 
7 7215 
7 7881 
7 8003 
7 7791 
78119 
7 9850 
8 0861 
308 15 
7 2882 
6 9047 
6 8084 
6 8209 
6 8886 
6 9852 
6 9881 
6 9310 
6 9670 
7 1099 
7 2174 
313 15 
6 5582 
6 2588 
6 1788 
6 1852 
6 2377 
6 3343 
6 3352 
6 2820 
6 3282 
6 4301 
6 6384 
318 15 
5 8089 
5 7593 
5 7168 
5 7486 
5 7496 
5 8168 
5 8230 
5 8130 
5 8764 
5 9265 
6 3307 
Table 46(b): Best-fit parameters of equation, T] = rio + iiiC + T]2C^  of leucine in O.IM aqueous urea 
solution. 
Temp 
(K) 
no Til ni Sums of Squares 
of residuals 
298 15 
303 15 
308 15 
313 15 
318 15 
8 80062 
7 71575 
6 88839 
6 27452 
5 85407 
-5 74384 
-2 98084 
-2 44555 
-4 06643 
7 79029 
101 401 
64 1289 
54 0758 
70 1135 
11818 
0 0215157 
0 0176818 
0 0245725 
0 0280681 
0 0529981 
Table 47(a): Viscosity (TI xlO', N s m ^ ) of sodium chloride 
of concentration (molality, m) and temperature (K). 
(m) 298 15 
in O.IM aqueous 
Temperature (K) 
303 15 308 15 
urea solution 
313 15 
as functions 
318 15 
0 00 
0 10 
0 20 
0 40 
0 70 
0 80 
0 90 
9 3161 
8 9014 
10 1357 
9 0134 
9 1273 
9 4017 
9 6490 
8 1921 
7 8386 
8 3088 
7 9409 
8 2094 
8 3486 
8 4918 
7 2882 
6 9887 
7 0520 
7 0912 
7 4019 
7 5004 
7 5748 
6 5582 
6 3095 
6 3032 
6 4221 
6 6661 
6 8137 
6 8522 
5 8089 
5 6167 
5 8646 
5 7455 
5 8120 
6 0895 
6 1232 
Ml 
Table 47(b): Best-fit parameters of equation, TJ = no + TIIC + n2C of sodium chloride in O.IM aqueous 
urea solution. 
Temp. 
(K) 
298.15 
303.15 
308.15 
313.15 
318.15 
no 
8.99353 
7.84476 
6.97124 
6.28019 
5.636% 
ni 
-0.831017 
-0.150300 
0.164267 
0.178445 
-0.153808 
r\2 
1.675010 
0.967328 
0.591779 
0.542676 
0.780691 
Simis of Squares 
of residuals 
0.0210417 
4.36256 X 10-^  
0.00381981 
0.00304792 
0.0178681 
Table 48(a): Viscosity (r\ xlO ,^ N s m'^ ) of potassium chloride in O.IM aqueous urea solution as 
functions of concentration (molality, m) and temperature (K). 
Temperature (K) 
(m) 298.15 303.15 308.15 313.15 318.15 
0.00 
0.10 
0.20 
0.30 
0.40 
0.50 
0.70 
0.90 
9.3161 
8.7347 
8.7122 
9.0680 
9.4470 
10.4998 
9.0225 
9.3797 
8.1921 
7.7094 
7.8967 
8.0740 
8.1454 
8.1392 
8.1621 
8.7851 
7.2882 
6.8915 
7.1933 
7.2656 
6.8299 
7.5869 
7.0949 
7.7240 
6.5582 
6.2427 
6.5665 
6.6020 
6.2419 
7.1580 
7.0082 
7.4983 
5.8089 
5.5787 
5.8279 
5.8914 
6.1522 
6.3161 
6.4702 
6.5641 
Table 48(b): Best-fit parameters of equation, n = no + niC + niC^ of potassium chloride in O.IM 
aqueous urea solution. 
Temp. 
(K) 
no ni n2 Sums of Squares 
of residual 
298.15 
303.15 
308.15 
313.15 
318.15 
8.49847 
7.74262 
7.21124 
6.43007 
5.35802 
2.280520 
0.580851 
-1.331610 
-0.637796 
2.36022 
-1.59781 
0.50353 
1.99540 
2.02303 
-1.12542 
0.21778800 
0.09739720 
0.20948600 
0.15373000 
0.0083742 
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Table 49: Values of In TJR /c as a function of concentration (gm/ml) of leucine in O.IM aqueous urea 
solution. 
Cone (gm/ml) 
13118x10"^ 
2 6236x10' 
3 9354x10-* 
5 2472x10"* 
6 5590x10* 
7 8708x10 * 
91826x10* 
0 010494400 
0 0118062 
-49 07 
-27 34 
-14 68 
-1131 
-8 95 
-7 05 
-5 33 
-4 27 
0 18 
-45 62 
-27 34 
-16 57 
-1128 
-7 71 
-6 23 
-5 63 
-4 53 
0 99 
InriR/c 
-4121 
-25 95 
-16 84 
-10 75 
-6 47 
-5 34 
-5 47 
-4 29 
-0 74 
-35 62 
-22 72 
-14 88 
-9 55 
-5 30 
-4 40 
-4 69 
-3 40 
0 93 
-6 54 
-6 09 
-2 65 
-1 96 
0 21 
031 
0 08 
1 10 
6 56 
Table 50: Computed values of In T]R /c as a function of concentration (gm/ml) of sodium chloride in 
O.IM aqueous urea solution. 
Cone (gm/ml) 
5 844x10* 
0 011688 
0 023376 
0 040908 
0 046752 
0 052596 
-7 79 
721 
-141 
-0 50 
0 19 
0 67 
-7 55 
121 
-133 
0 05 
0 40 
0 68 
InriR/c 
-7 18 
-2 82 
-1 17 
0 38 
0 61 
0 73 
-6 61 
-3 39 
-0 89 
0 39 
0 82 
0 83 
-5 75 
0 82 
-0 47 
0 01 
101 
100 
Table-51: Computed values of In T]R /c as a function of concentration (gm/ml) of potassium chloride 
in O.IM aqueous urea solution. 
Cone (gm/ml) 
7 455x10* 
0 01491 
0 022365 
0 02982 
0 037275 
0 052185 
0 067095 
-8 64 
-4 50 
-121 
0 47 
3 21 
-061 
0 10 
-8 15 
-2 46 
-0 65 
-0 20 
-0 17 
-0 07 
104 
InriR/c 
-7 51 
-0 88 
-0 40 
-2 20 
108 
-0 51 
0 87 
-661 
0 08 
0 30 
-166 
2 35 
127 
199 
-5 42 
0 22 
0 63 
193 
2 25 
2 07 
182 
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The relationship between the viscosity and the composition can also be 
explained in terms of rheochor, [R], as given in Eq. 67, 
[R] = (M/p)^^'^ = VTI''' — "^^  
in which the symbols have their usual meaning. The values of rheochor are listed in 
Tables 52-54. The plots of rheochor versus concentration (Figs. 43-45) show an 
overall decrease in the values of rheochor with increase in temperature. In order to see 
an overall trend in the behaviour of rheochor [Figs. 43(a)-45(a)] the best-fit plots [Figs. 
43(b)-45(b)] were obtained. The concentration dependence of rheochor is noteworthy, 
as it happens to be the product of molar volume and viscosity (Eq. 5), Thus, in the 
cases of solutions of NaCl and KCl in O.IM urea solution, the increase in rheochor 
values is much higher compared to much dilute solution of leucine in O.IM urea 
solution as apparent from the best-fit plots shown in Figs. 43(b)-45(b). 
The results obtained in the absence of urea and in its presence are shown below: 
Properties 
u, ms"' 
Psxl0",m^/N 
pTixlO'\m^/N 
pT2xlO",m^/N 
ZxlO•^kgm"S"' 
PixlO'^Nm-^ 
6 xlO-',(Nm-y' 
r 
Ti X lO'*, N s m"^  
a, I O V K 
Pure water 
1495.4 
44.85 
59.33 
61.01 
1491.1 
1.290 
1.136 
4.218 
8.949 
2.57 
O.lMaq-urea 
1499.6 
44.55 
58.85 
1496.9 
1.536 
1.237 
3.38 
9.316 
IM aq-urea 
1521.3 
42.69 
55.82 
57 79 
1539.7 
1.698 
1.303 
3.243 
9.272 
3.18 
a, dyne/cm (mN/m) 37.10 
Finally, an examination of the above table comparing the listed properties in 
pure water with those in O.IM and IM aqueous urea solutions shows increases in the 
values of u, Z, Pi, 6, TI, and a with successive increases in the concentration of urea. 
Similarly, the corresponding decreases in those of 3s, PTI, PTZ, and F values are 
exhibited. Similar trend in their behaviour is also exhibited by the successive increases 
in solute (leucine, NaCl, and KCl) concentration in each of the three systems studied in 
aqueous urea solutions as evidenced by the data provided in the relevant tables. 
Table 52: Rheochor values of leucine in 0.1 M aqueous urea solution as functions of concentration 
(molality, m) and temperature (K). 
(m) 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
298.15 
65.47393 
65.43990 
65.57368 
65.57356 
65.59219 
65.66427 
65.73079 
65.78455 
65.98826 
66.19370 
Temperature (K) 
303.15 
64.46709 
64.39707 
64.47266 
64.53029 
64.61250 
64.67010 
64.66095 
64.71428 
64.91762 
65.05197 
Table S3: Rheochor values of sodium chloride in 
concentration (molality, m) and temperature (K). 
(m) 
0.10 
0.20 
0.30 
0.40 
0.70 
0.80 
298.15 
66.19177 
68.50072 
67.15012 
67.54701 
68.41418 
69.37278 
Table 54: Rheochor values of KCI in 
(molality, m) and temperature (K). 
(m) 
0.10 
0.20 
0.30 
0.50 
0.70 
0.90 
298.15 
66.86421 
66.81454 
67.49610 
69.04350 
68.57299 
69.34833 
308.15 
63.57841 
63.49223 
63.52568 
63.61685 
63.74038 
63.78798 
63.73527 
63.79557 
63.98309 
64.13509 
O.IM aqueous 
Temperature (K) 
303.15 
65.14818 
66.81853 
66.14831 
66.48504 
67.51649 
68.34957 
308.15 
64.22066 
65.46239 
65.25638 
65.55100 
66.64941 
67.44027 
O.IM aqueous urea solution 
Temperature (K) 
303.15 
65.82858 
65.99874 
66.52360 
66.87957 
67.71873 
68.78262 
308.15 
64.91248 
65.23392 
65.65245 
66.29459 
67.68518 
313.15 
62.80338 
62.72739 
62.75425 
62.83307 
62.96650 
63.01139 
62.95756 
63.03402 
63.18511 
63.46894 
urea solution 
313.15 
63.40598 
64.55106 
64.46650 
64.74423 
65.78236 
66.63615 
318.15 
62.15457 
62.12183 
62.18338 
62.19705 
62.29990 
62.35158 
62.35065 
62.45387 
62.54501 
63.09430 
as functions of 
318.15 
62.49187 
63.97356 
63.55735 
63.85056 
64.66267 
65.70767 
as functions of concentration 
313.15 
64.08492 
64.49548 
64.87195 
65.81443 
66.44073 
67.43457 
318.15 
63.22173 
63.54175 
63.95613 
64,79394 
65.78123 
66.32299 
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PROBABLE STRUCTURES FOR THE SOLUTIONS: In view of the probable 
presence of flickering clusters, viz., decamer, nanomer, octamer, hexamer, pentamer, 
tetramer, trimer, dimer, and monomer some of which occur in two or three isomeric 
forms with insignificant amount of inter-conversion energies among them; their 
structural-association with the chloride ions details of which have been given above 
under the halide-water interactions; structural-clustering of sodium and potassium ions 
with several successive sheaths of water, similar to one shown in Fig.2/3; and also of 
leucine either in the form of zwitter ions or otherwise in the systems under 
investigation, it seems likely that these species get closer either due to the successive 
increases in solute (be it urea, leucine, NaCl, or KCl) concentration or that of an 
increase in the kinetic motion with thermal variations providing better contact of these 
entities as a result of their close proximity, resuh in an increase in the uhrasonic 
velocities, specific acoustic impedance, internal pressure, solubility parameter, and 
viscosity; as well as the corresponding decreases exhibited by the compressibilities and 
pseudo-Gruneisen parameter suggest an increase in the solute-solvent interactions with 
increases in temperature and solute concentration. Such a contention is reinforced in 
view of the linear plots of change as well as the relative change in adiabatic 
compressibility versus solute concentration obtained in the light of our proposed 
equations. In addition, such a proposed equation has also envisaged a measure of the 
extent of solute-solvent interaction in systems exhibiting an almost ideal mixing 
behaviour. 
The structure of leucine-aqueous urea may consist of a mixture of several 
probable zwitterionic or even native leucine entities, which are associated with small to 
large flickering clusters of water through hydrogen-bonding. These are, in turn, 
surrounded by the water clusters of the bulk experiencing weak influence of the latter 
followed by successive sheaths of a large number of hydrogen-bonded water molecules 
or clusters in three dimension. The three-dimensional field of influence caused by the 
specific interionic / intermolecular interactions dies out in the successive sheaths with 
distance. Such a field of influence affecting the extent of interaction may increase with 
successive increases in the concentration of solute. 
The structures of sodium and potassium chlorides in their aqueous solutions of 
0. IM urea may differ fi-om each other in being surrounded in their first spheres by the 
number of water molecules / flickering water clusters. These are relatively fewer or 
more in numbers in the respective cases of NaCl and KCl due to the difference in their 
'35-
ionic sizes It is noteworthy that urea and KCl, both being structure breakers, 
contribute more in disrupting the H-bonds in the system compared to the NaCl-
aqueous urea system in which only urea disrupts the hydrogen bonds Consequently, 
monomers or clusters of smaller sizes may surround the potassium ions in their first 
sphere of influence compared to the sodium ions because of the difference in their 
weakly structure-breaking or structure-making roles in the respective cases However, 
the oxygen of water will face the cation in both the cases in a manner similar to that 
shown in Fig 5 (a) and (c) In addition, the chloride ions may be present in their 
probable clusters, CI" ^H20)n = i-io at the temperature of study and swim in the bulk 
along with the said cationic structures It is noteworthy that the extent of 
intermolecular / interionic interactions increases with increase in concentration of the 
solute because of the close proximity of the interacting entities as mentioned above 
Similar situation also arises when successive increases in temperature brings the 
structural entities close to each other as a result of increased thermal / kinetic motion 
These conclusions are in accord with the results discussed above 
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INTRODUCTION 
Tremendous amount of work has been done in the area of membrane science. 
This includes mainly the e.m.f measurements of ion transport across the artificial 
membranes even though similar attempts have also been made employing the 
biomembranes. The permeability of biomembranes is highly selective in nature. 
Because they contain a continuous non-polar hydrocarbon core, contributed by the 
phospholipid layer, biological membranes are intrinsically impermeable to most polar 
molecules. This process has a biological advantage, since it prevents the internal 
metabolites of the cell, most of which are ionised, from diffusing out of the cell. 
However, living cell must obtain certain polar nutrients such as glucose and amino acids 
from the environment, where they may be very dilute, and must also secrete various 
ions or polar molecules. 
Membranes may be broadly classified into two types: natural and artificial. The 
natural membranes are found in living organisms, such as those of the cells (cell 
membrane, organelle membrane and myelin membrane) or those covering the viscera 
(viz, duramater, pericardium, peritoneum, etc;). Because of the physico-chemical nature 
of these membranes, they may be treated as non-covalent having supra-molecular 
structure with amorphous or solid state of aggregation at the temperature at which they 
normally operate. The artificial membranes are prepared in the laboratories from 
various substances such as lipids, ion-exchange resins, inorganic substances, etc. Few 
membranes are also prepared by extracting the constituents of bio-membranes, e.g., 
monolayer and bi-layer lipid membranes (BLM) which have been employed in such 
studies in recent years [1-6]. Similarly, some of the complex membranes have also been 
reported earlier [7-13]. 
STRUCTURE OF BIOMEMBRANES: The activity of biomembrane may be 
understood in terms of its structure. Bio-membranes existing in biological systems are 
considered to be composed of several simple fundamental unit structures. These unit 
structures consist of biomolecular leaflets of lipids with their polar groups oriented 
towards the two aqueous, the extra-cellular and the intracellular, phases of the cell while 
the protein part may be found close to the polar heads of the leaflets [14]. These leaflets 
or sheet-like structures, are typically 75A thick and are composed of proteins and lipids 
which are held together by non-covalent interactions. Pumps and gates in membranes 
regulate the molecular and ionic compositions of the closed compartments created by 
membranes Also, membranes are involved in energy conversion processes such as 
photosynthesis and oxidative phosphorylation The major structural components of 
membrane are the lipids whereas the functional components are the proteins The major 
classes of membrane lipids are phospholipids, glycolipids, and cholesterol The 
membrane functions such as transport, communication and energy transduction are 
specific and are mediated by specific proteins Biomembranes are dynamic structures in 
which proteins and lipids diffuse rapidly in the plane of membrane (lateral diffusion), 
unless restricted by special interactions In contrast, the rotation of lipids from one 
phase of a membrane to the other (transverse diffusion or flip-flop) is usually very slow 
However, proteins do not rotate across the bilayers and hence the membrane asymmetry 
can be preserved The degree of fluidity of a membrane partly depends on the chain 
length of its lipids and the extent to which their constituent fatty acids are unsaturated 
COMMON FEATURES UNDERLYING THE DIVERSITY OF BIOLOGICAL 
MEMBRANES Membranes are as diverse in structure as they are in fiinction Inspite 
of the above, they do have in common a number of attributes (i) Membranes are sheet-
like structures They are a few molecules thick that form closed boundaries between 
different compartments The thickness of most of the membranes lies between 60 A (6 
nm) and 100 A (10 nm) (ii) Lipids and proteins are the main constituents of membranes 
as mentioned above The mass ratio of lipid to protein ranges from 1 4 to 4 1 
Membranes also contain carbohydrates that are linked to lipids and proteins (iii) 
Membrane lipids have both a hydrophilic and a hydrophobic moiety These lipids form 
closed bimolecular sheets / lipid bilayers in aqueous media which, in turn, act as 
barriers to the flow of polar molecules (iv) The protein constituent of membranes is 
responsible for mediating distinctive functions of membranes The protein moiety of 
membranes serves as pumps, channels, receptors, energy transducers, and enzymes 
These membrane proteins are embedded in lipid bilayers, which create suitable 
environment for their action (v) All the membranes are non-covalent assemblies (vi) 
They are asymmetric (vii) These are fluid structures (viii) All the membranes can be 
regarded as two-dimensional solutions of oriented proteins and lipids (ix) Most of the 
membranes are electrically polarised, with the inside negative (typically-60) Membrane 
potential plays a key role in the transport process, energy conversion, and excitability 
According to Davson and Danielli, the membrane consists of a continuous 
hydrocarbon core, contributed by lipids Later on Robertson made some modifications 
by proposing that the membrane consists of a bilayer of mixed polar Hpids, with their 
hydrocarbon chains oriented inwards to form a continuous hydrocarbon phase and their 
hydrophilic heads oriented outwards. This was referred to as the unit membrane 
hypothesis Later on, Singer and Nicholson proposed the 'Fluid Mosaic Model' 
according to which the phospholipids are arranged in a bilayer to form a fluid, liquid 
crystalline matrix or a core. The individual lipid molecules of bilayer move laterally 
which, in turn, may account for fluidity and a characteristically high electrical resistance 
as well as relative impermeability to highly polar molecules. 
Fig. 1 
The essence of their model is that membranes are two-dimensional solutions of oriented 
lipids and globular proteins as shown in the above figure 1 This figure is taken from 
Lubert Stryer's book, "Biochemistry", 4* edition, 1995, p.278 and S. J. Singer and G. L. 
Nicolson, Science, 175, 723, 1972 This proposal is supported by a wide variety of 
experimental observations The features of the model are as follows: (i) most of the 
membrane phospholipid and glycolipid molecules are arranged in a bilayer. This lipid 
bilayer has a dual role: it is both a solvent for integral membrane proteins and a 
permeability barrier, (ii) A small proportion/amount of membrane lipids interact 
specifically with particular membrane proteins and may be essential for their fixnction. 
(iii) Membrane proteins are free to diffuse laterally in the lipid matrix unless restricted 
by special interactions, whereas they are not free to rotate from one side of a membrane 
to the other. Many membrane proteins are globular. The high a-helix content may be 
associated with helical membrane anchors This model is not fixed or static, since the 
proteins, in some membranes, are free to diffuse laterally in two dimensions. Such a 
model accounts for the electrical properties and the permeability of membranes The 
relative viscosity of the lipid bilayer is thought to be from 100 to 1000 times that of 
water. 
COMPOSITION: Most membranes contain about 50% to 60% protein and 40% 
to 50% lipid. The lipids are present in fixed molar ratio, which are probably genetically 
determined, The sugar residues are attached to either lipids or protein components or to 
both of them. The membrane protein may be extrinsic or intrinsic. The intrinsic proteins 
are known to provide structural channels or pores through which ions can diffuse 
between extra-cellular and intracellular fluid and they protrude all the way through the 
membrane. The peripheral proteins, on the other hand, are attached to the surface of the 
membrane and do not penetrate and occur either entirely or almost entirely on the inside 
of the membranes. These peripheral proteins function almost entirely on enzymes. The 
lipids of biomembranes are largely polar, phosphoglycerides predominates with much 
smaller amounts of sphingolipids. Among the phospholipids, the biomembranes usually 
contain high proportions of phosphatidyl choline, phosphatidylethanolamine, 
sphingomyelin, phosphatic acid and cardiolipin. All of them occupy interfacial space in 
the membrane and the phospholipids contribute to the charged surface of membrane. 
They give rise to an electrostatic field extending into the surrounding electrolytes. The 
other groups constituting the membranes are glycoproteins, glycolipids and 
proteoglycans. 
TRANSPORT THROUGH BIOMEMBRANES: The permeability of biological 
membranes is highly selective in nature as mentioned above. The flow of molecules and 
ions between a cell and its environment is precisely regulated by specific transport 
systems/mechanisms. These have several important roles, for example, they 
(i) regulate the cell volume and maintain the intracellular pH as well as ionic 
composition within a narrow range to provide a favourable environment for the enzyme 
activity; (ii) extract and concentrate the metabolic fuels and building blocks from the 
environment and extrude the toxic substances; and (iii) generate the ionic gradients that 
are essential for the excitability of nerves and muscles. 
Because they contain a continuous non-polar hydrocarbon core, contributed by the 
phospholipid bilayer, biological membranes are intrinsically impermeable to most polar 
molecules. This property has a biological advantage, since it prevents the internal 
metabolites of the cell, most of which are ionised, from diffusing out of the cell. 
The permeation of ions across the membranes, having the rate limiting 'gate 
mechanism,' at their surfaces, is known [15-18] to depend upon the (i) size of the pores 
lined by charges, (ii) water / fluid soluble carrier molecules as well as (iii) on the 
homogeneous dielectric medium. The permeation of ions across a membrane, whether 
natural or artificial seems to follow similar mechanisms. In addition, the membrane 
structure and the boundary conditions at the membrane/electrolyte interface determine 
the selective nature of ion diffusion / permeation. In order to understand the details of 
diffusion, collision-, jump-, carrier-, and solvent drag mechanisms have been put 
forward. 
In case the permeant molecules are hydrophilic groups in the membrane the 
permeability has been found [19,20] to be facilitated through the formation of hydrogen 
bonds with water. In such cases the 'hole' type and the 'alignment' type diffusion 
mechanisms have been reported [21] for the permeation of ions. These mechanisms find 
support fi-om the electrical resistance data of several membranes [22]. Attempts have 
also been made [23-25] to explain the process of permeation of ions in terms of binding 
energetics of ion-protein and ion-water interactions. It has also been proposed [26-27] 
that a penetrating ion forms an activated complex, which is composed of charmel sites, a 
cation and an anion. The anionic channel site attracts and retains a cation as short lived 
associated ion-pairs which may either decay by dissociation of anion or of anion-cation 
pairs. 
MEMBRANE FLUIDITY IS CONTROLLED BY FATTY ACID 
COMPOSITION AND CHOLESTEROL CONTENT: Fatty acyl chains in lipid bilayers 
of membranes are able to exist in an ordered, rigid state or in a relatively disordered, 
fluid state. In ordered state, all the C-C bonds have a trans conformation, whereas in 
disordered state, some are in gauche conformation. The rigid (all trans) to fluid (partly 
gauche) state transition occurs rather abruptly as the temperature is raised above Tm 
(melting point/temperature), which in turn, is dependent on the length of the fatty acyl 
chains and on the degree of their unsaturation. On the other hand, a cis-double bond 
produces a bend in the hydrocarbon chain. This bend interferes with a highly ordered 
packing of the fatty acyl chains, which in turn results in lowering the Tm value. Thus, 
prokaryotes regulate the fluidity of their membranes by varying the number of double 
bonds and the length of their fatty acyl chains [28]. 
MEMBRANES CHANNELS AND PUMPS: Biomembrane permeability is 
conferred by two classes of allosteric proteins, channels, and pumps. Channels enable 
ions to flow rapidly through the membranes in a thermodynamically downhill direction. 
Pumps, by contrast, use a source of free energy such as ATP or light to drive the uphill 
transport of ions and molecules. Channels may be either voltage gated or ligand gated. 
The best examples are acetylcholine for ligand-gated channels while sodium and 
potassium channels for those of the voltage gated. Out of these two, the voltage-gated 
channels play a pivotal role in the transport of ions through membranes. 
(a) Sensing membrane potential by voltage gated charmels: In order to 
understand as to how the voltage-gated channels sense the membrane potential, it is 
necessary to consider a channel that does not exist either in a closed state, A or in that 
of an open state, B. The equilibrium between these two states A and B depends upon 
the membrane vohage if there is a net movement of charge across the bilayer in the 
transition from A to B. This is because of the reason that electrical work is performed 
whenever charges move across a voltage gradient. The charged groups of the protein 
that move partly or completely across the bilayer in opening the channel are called the 
gating charges [29]. 
A quantitative relationship between the channel opening and the membrane 
voltage can be readily derived. Let Vo denote the voltage at which the open and the 
closed states have the same free energy and hence [A] = [B]. For a mole of channels, 
the free energy obtained in taking 'z' gating charges from voltage Vo to V will be z F 
(V-Vo), where F is the faraday constant. The voltage dependence of the equilibrium 
constant, K, for the transition between the closed and the open states is given by, 
K = [closed]/[open] = e^^^"^")^^ 
where R is the gas constant and T is the absolute temperature. The fraction 'f ' of the 
open channels will be expressed as, 
fop»=l/[l+e-^^(^-^°>^^]. 
In the above equations, the value of F is 2.306 x lO"* cal volf' m and that of R is 1.9872 
cal mol'Meg'; while V and Vo are expressed in vohs. The steep-ness of the vohage 
dependence curve depends only on the gating charge 'z'. The value of 'z' is obtained 
by plotting log [C(l-f)] versus V; the slope turns out to be proportional to z while Vo is 
obtained from the intercept. 
Studies carried out by Hodgkin [30] reveal that 'z' is about +6 for opening of the 
sodium channel. A movement of six positive charges from the cytosolic to the extra-
cellular side of the plasma membrane would give the observed vohage dependence 
Alternatively, six negative charges could move from the extra cellular to the cytosolic 
side to give the same effect. Identical voltage dependence would be obtained if 12 
charges move halfway across the membrane or if a larger number of partial charges 
(dipoles) move the same distance. What counts here is the sum of charges times the 
fractional distance traversed across the lipid bilayer. Thus, the movement of gating 
charges in response to changes in membrane potential is a very effective means of 
switching the conformation of a protein. 
(b) Membrane vohage sensors: Four positively charged trans-membrane helices 
are known to serve as the voltage sensors. The charged groups participate in voltage 
dependent gating only if they move partly or totally across the lipid bilayer. The S-4 
segments attracted attention soon after the sequence of the sodium channel was 
determined because they contain 4,5,6,and 8 positively charged amino acids (i.e., 
arginine or lysine) residues in repeats I, II, III and IV, respectively. Moreover, these 
positively charged residues are located at every third residue, which suggests that they 
emerge on one side of a trans-membrane a- helix. According to this model, these 
positively charged residues on each S-4 are paired at the resting membrane potential 
with negative charge on the other trans-membrane helices. Depolarisation is thought to 
lead to a spiral motion of S-4 accompanied by the net movement of one or two positive 
charges to the extra-cellular side of the membrane. Such a transition of the four S-4 
segments could open a gate by moving a steric barrier to ion flow. Site-specific 
mutagenesis studies support that S-4 segments serve as the voltage sensors. Mutations 
of S-4 arginine and lysine residues to glutamine make the channel less sensitive to 
voltage (z becomes smaller) [31-33]. 
(c) Potassium channels have S-4 voltage sensors [34-36]: The open potassium 
charmels drive the membrane potential towards the K^  equilibrium potential, which is -
98 mV for mammalian muscle. The open potassium channels help in restoring the 
resting state after depolarisation. Moreover, they also diminish the excitability by their 
hyper-polarising action. The breakthrough in the biochemical study of potassium 
channel came through the genetic studies of mutant fruit flies that shake violently when 
subjected to anaesthesia with ether [36]. These shaker mutants encode a 70 Kd protein 
that associates to form a tetrameric channel. Thus, the potassium channel exhibits a 
four-fold symmetry [36]. 
(d) Selective nature of potassium channel: The permeability of potassium 
channels for K^  is 100- fold in comparison to Na .^ The selectivity fiher of potassium 
charmel have a narrow diameter (3 A), and thus it rejects ions having a radius larger than 
1.5 A. The most interesting feature of potassium channel is that the Na^  ions are being 
rejected by the potassium-channel's selectivity filter even though the ionic radius of Na^  
is less than that of K .^ This is accomplished by taking into consideration about the free 
energy cost of dehydrating these ions; they cannot pass through the channel bearing a 
retinue of water molecules. The key point is that the free energy cost of dehydrating Na^  
(72 k cal/ mol) is much larger than that for K^  (55 k cal / mol). The channel pays most 
of the cost of dehydrating K^  by providing compensating interactions with oxygen 
atoms lining the selectivity fiher. Thus, the potassium channel avoids closely embracing 
the Na^ ions, giving Na* no choice but to stay hydrated and be impermeable [36-38]. 
(e) Membrane channels exhibit many recurring motifs: Common structural and 
mechanistic themes underline the diversity of membrane channels: (i) Channels are 
formed as a result of association of multiple homologous sub-units or domains. Most of 
the channels are formed from four, five, or six sub-units, (ii) The pore lies along the 
symmetry axis of the channel, (iii) The pores are lined either by a-helices or the 3-
strands. Side chains emerging from these structural elements establish the selectivity of 
the channel, (iv) The degree of selectivity also depends on the diameter of the narrowest 
part of the pore. Channels formed from four sub-units (the sodium and potassium 
channels) have the smallest pores and are the most selective. The gap junctions formed 
from the six sub-units have bigger pores and hence are least selective in nature, (v) 
Channels are allosteric proteins that can be gated by the membrane potential, allosteric 
effectors, or covalent modification. The gate can be opened by depolarisation-induced 
movement of gating charges within the bilayer. The tilting of helices lining the pore is a 
facile mechanism for gating. 
(f) Active transport requires a coupled input of free energy: The channels control 
the diffusion of ions on either side of a membrane. The transport of ions across a 
membrane may be active or passive. The transport of ions through the membrane 
channels (i.e., K^  or Na^ channels) falls under the group of passive transport devices. 
However, such a passive transport device cannot transport a large gradient of Na /^ K^  
ions generated and the fuel molecules concentrated in the cell [39]. These processes are 
carried out by the active transport systems. It is to be pointed out that whether a 
transport process is active or passive depends upon the change in free energy of the 
transported species. 
By considering an uncharged solute molecule, the free energy change in 
transporting the species from side 1 where it is present at a concentration of Ci to side 2, 
where it is present at concentration C2 will be: 
A G = RT InCz / Ci = 2.303 RT logCj /Ci. 
For a charged species, the electrical potential across the membrane must also be 
considered. The sum of the concentration and electrical terms is called the 
electrochemical potential. The free energy change is then given by: 
AG = RT In C2 /Ci + z F AV 
where 'z' is the electrical charge of the transported species, AV is the potential in vohs 
across the membrane, and F is the Faraday (23.062 kcal V' mol"'). 
A transport process must be active when AG is positive, whereas it can be 
passive when AG is negative. Active transport requires a coupled input of free energy, 
whereas passive transport can occur spontaneously. 
(g) Role of ATP in pumps: or ATP hydrolysis drives the pumping of Na^  and 
K* ions across the membrane: It is an established fact that most animal cells have a high 
concentration of K^  and a low one of Na^ ions relative to the external medium. These 
ionic gradients are generated by a specific transport system that is called Na^- K^  pump, 
because the movement of these ions are linked. The Na -^ K^  gradient in animal cells 
controls cell volume, renders nerve and muscle cells electrically excitable, and the 
active transport of sugars and amino acids. 
In 1957, Jens Skou discovered an enzyme that hydrolyses ATP only if Na^ and 
K^  are present in addition to Mg^ .^ He named this enzyme as Na^-K^-ATPase [39, 40]. 
ATP + H2O —Na^K^Mg^^—> ADP + Pi + lT 
Skou proposed that the Na^ -K -^ATPase is an integral part of the Na^- K - pump and 
that the splitting of ATP provided the energy needed for the active transport of these 
cations. The proposal was substantiated by the findings that the level of ATPase activity 
is quantitatively correlated with the level of pump activity. Furthermore, both ATPase 
and the pump are specifically inhibited by eight transmembrane helices. Much of the a-
chain, including its ATPase site, is located on the cytosolic side of the membrane. The 
small portion of a-chain on the extracellur side contains the binding site for cardiotonic 
steroid inhibitors. The p-chain, which consists of a single trans-membrane helix, does 
not appear to be essential for either the ATPase or the transport activity. 
The phosphorylation of ATPase by ATP in the presence of Na^  and K^  ions 
provides substantial clue for the mechanism of ATP driven active transport of Na^  and 
K^  ions. The above phosphorylation site is the side chain of a specific aspartate residue. 
As a consequence of phosphroylation, (J-as partyl phosphoryl intermediate (E-P) is 
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formed, which in turn is hydrolysed if K^ is present. So, dephosphorylation requires K^ 
but not Na^ or Mg^^ whereas phosphorylation requires Na^ or Mg^^ ions but not K^ 
ions. 
E + ATP <-Na^ Mg^^ ^ E - P + ADP 
E - P + H 2 O — K ^ ^ E + Pi 
Na^- dependent phosphorylation and K^- dependent dephosphorylation are not the only 
critical reactions. The pumps are also known to inter-convert between at least two 
different conformations, denoted by Ei and E2. Thus, at least four conformational states 
- El, Ei-P, E2-P and E2 participate in transport of Na^ and K^ ions and concomitant 
hydrolysis of ATP. Thus, three Na^ and two K^ are transported per ATP hydrolysed in 
this unidirectional cycle, which occurs in 10 milliseconds. Thus, 300 Na^ and 200 K^ 
ions are transported by each pump molecule when it operates at maximal velocity. One 
of the most important features of the pump is that ATP is not hydrolysed unless Na^ and 
K^ ions are transported. In other words, the system is coupled so that ATP is not wasted 
[39-44]. 
(h) Inhibition of Na^ - K^ Pump by cardiotonic steroids: Certain steroids of plant 
origin have shown to act as potent inhibitors (Ki -10 nM) of Na^ - K^ pump. Ouabain 
and digitoxigenin are members of this class of inhibitors. They are also known as 
cardiotonic steroids due to their profound effects on the heart [43]. These compounds 
inhibit the dephosphorylation of E2 -P when applied on the extra-cellular face of the 
membrane. Likewise, K^ ions must be present on the extra-cellular side of the 
membrane to activate dephosphorylation. 
Digitalis, a mixture of cardiotonic steroids derived from dried leaf of foxglove 
plant (Digitalis purpura) is of great clinical significance. Digitalis increases the force of 
contraction of heart muscle, which makes it a choice drug in the treatment of congestive 
heart failure. Inhibition of the Na^ - K^ pump by digitalis leads to a higher level of Na^ 
ion inside the cell. The diminished Na^ ion gradient results in slower extrusion of Ca^ ^ 
ions by the sodium - calcium exchanger. The subsequent increase in the intracellular 
level of Ca^ ^ ions enhances the contractility of cardiac muscle. 
(i) Pumping out of calcium ion or Ca^^ Pump: In many eukaryotic signal 
transductions, calcium ion is the key intracellular messenger. The cytosolic Ca^^ ion 
level of unexcited cell is lOOnM when compared with an extracellular concentration of 
1.5 nM. The large electrochemical gradient of Ca^^ across the membrane is maintained 
by two transport systems -an ATP- driven calcium pump called Ca^ ^ ATPase and a 
sodium - calcium exchanger that uses the Na^ gradient across the membrane as the 
energy source. The best understood ATP - driven calcium pump is the sarcoplasmic 
reticulum (SR) of skeletal muscle. Muscle contraction is triggered by an abrupt 
increase in the cytosolic calcium level. The muscle relaxation, on the other hand, 
depends on the rapid elimination of Ca^ ^ ions from the cytosol by a Ca^ ^ - ATPase that 
comprises more than 80 percent of the integral membrane protein of the SR and 
occupies nearly half of its surface area. The density of the pump in the SR membrane is 
about 25,000 per |im^, which is the highest of any membrane protein. 
In plasma membrane as well as in SR Ca^^-ATPase, ATP in a Ca+2 - dependent 
reaction transiently phosphorylates a specific aspartate residue, 
E + ATP <-Ca^^ Mg^^^ E - P + ADP 
E - P + H2O ^ M g ^ ^ ^ E + Pi. 
A cycle of conformational changes driven by phosphorylation and dephosphorylation 
transports two Ca^ ^ ions for ATP hydrolysed by the SR pump [44]. 
(j) Tapping of sodium gradient across membrane to pump ions and molecules: A 
number of transport processes are not directly driven by the ATP hydrolysis. Instead, 
the uphill flow of an ion or molecule is coupled to the downhill flow of another ion. The 
sodium - calcium exchanger in the plasma membrane employs the electrochemical 
gradient of Na^ to pump Ca^ ^ out of the cell (Fig. 1). Three Na^ ions enter the cell for 
each Ca^ ^ ion that is extruded. The transport cost by this exchanger is paid by the Na^-
K^ pump, which generates the required sodium gradient. The exchanger has lower 
aflfmity for Ca*^ ions than does the Ca^^-ATPase, but its capacity to extrude Ca^ i^s 
greater. The cytosolic Ca^ ^ ion level can be lowered to several micro-molar by the 
exchanger. Sub-micro-molar Ca^ ^ level is attained by the subsequent action of Ca^^-
ATPase. The Na^ - Ca^^ exchanger works in parallel with the Ca^ ^ - ATPase to maintain 
a low cytosolic level of Ca^ .^ Extrusion of Ca^"*^  by exchanger is driven by sodium -
motive force across the plasma membrane as shown in Fig. 2 given below: The 
exchanger can extrude about 2000 Ca^ ^ per second when compared to only 30 per 
second for the Ca^ -ATPase pump. These transport rates are order of magnitude lower 
than the ~10' s"' flux through many channels. In general, active transport is much slower 
than transport through channels. 
c:g555r> 
Fig. 2 
The sodium gradient across the plasma membrane can be tapped to drive the 
entry as well as the extrusion of molecules or ions. A symporter carries the transported 
species in the same direction across a membrane, whereas an anti-porter carries them in 
opposite directions [45-50]. 
VOLTAGE DEPENDENT L-TYPE Ca^ ^ CHANNELS IN HEART: The L-type 
Ca^ ^ channels in heart which are voltage dependent play an important role in the 
regulation of cardiac function, including pacemaker activity in the sinus node, 
conduction through the atrioventricular node, and contraction of atrial and ventricular 
myocytes. Due to their physiological and pharmacological significance, mechanisms of 
the modulation of Ca^ ^ channels have been extensively studied [51]. Changes in gating 
behaviour at single - channel current level, leading to the upregulation of L-type Ca^ ^ 
channel activity include not only increased availability and graded changes in open and 
closed times, but also the induction of "mode 2" gating behaviour with unusually long 
openings. Initially the mode 2 gating behaviour was described as the effect evoked by 
dihydropyridine Ca^ ^ channel agonists [52]. The mode 2 gating was also elicited by 
repetitive or strong membrane depolarisation [53]. This effect can explain activity -
dependent potentiation of the Ca^ ^ channel in cardiac cell [54]. Recent studies suggest 
that prepulse facilitation of the cardiac Ca^ ^ channels in heart involve a mechanism 
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directly related to voltage dependent conformational change rather than voltage 
dependent phosphorylation [55] 
Additional recent literatures dealing with the following allied aspects are 
available For example, these are as follows (i) The stochastic sensing of organic 
analytes by a pore-forming protein containing a molecular adapter is reported [56] (ii) 
The pore dilation of neuronal P2X receptor channels has been studied [57] (iii) The 
molecular modeling of voltage-gated potassium channel pore is also reported [58] (iv) 
The dielectric effects of channel pore water on the electrostatic barriers of the 
permeation ion by the finite difference Poisson-Boltzmann method have been 
investigated [59] (v) The dual role of calcium pore blocker and modulator of gating 
has recently been reported [60] (vi) The biochemical characteristics of Eiseniapore, a 
pore-forming protein in the coelomic fluid of earthworms have been examined [61] 
(vii) An inward rectification in KATP channels a pH switch in the pore has been studied 
[62] (viii) Ion charmels in membranes have also been investigated [63] (ix) The 
influence of non-P region domains on selectivity fiher properties in vohage-gated K^  
channels has been reported [64] (x) The sub-unit assembly and domain analysis of 
electrically silent K^ channel alpha-subunits of the rat Kv9 subfamily have been studied 
[65] (xi) The control of K^  channel gating by protein phosphorylation structural 
switches of the inactivation gate have been studied [66] (xii) The structural 
determinants of gating in inward-rectifier K^  channels have been examined [67] (xiii) 
The role of voltage-gated Ca^ ^ channels in anoxic injury of spinal cord white matter has 
also been examined [68] (xiv) The membrane excitability in the neurohypophysis has 
been investigated [69] (xv) Analysis of a protein region involved in permeation and 
gating of the voltage-gated Torpedo chloride channel CIC-0 has been reported recently 
[70] (xvi) The gating of cx46 gap junction hemichannels by calcium and vohage has 
been investigated [71] (xvii) The functional role of the slow activation property of ERG 
K^  has been examined [72] (xviii) A novel gating mechanism of polyamine block in the 
strong inward rectifier K chaimel Kir2 1 has been examined [73] (xix) The voltage-
dependent sodium and calcium currents in acutely isolated aduh rat trigeminal root 
ganglion neurons has also been reported recently [74] (xx) The Ca^ ^ pumps and the 
NaVCa^ ^ exchangers have been investigated recently [75] 
Thus, in view of the said investigations a thorough study of electrical 
conductance of ions across the biomembranes has yet to be undertaken This has led to 
the study of electrical conductance of ions in both the compartments separated by the 
pericardial membrane which surrounds heart and may regulate the diffusion of 
ionic/solvated-ionic entities as well as those of the solvent molecules through the 
process of diffusion or that of osmosis. Such an investigation may help in the clinical 
aspects of heat strokes, effect of excessive perspiration or in general dehydration caused 
by one process or the other, which appear to be associated with the regulation and 
maintenance of ionic /fluid equilibria around the protected organs through such 
biomembranes. 
REASONS FOR SELECTING THE PERICARDIAL MEMBRANE FOR 
INVESTIGATING THE TRANSPORT OF IONS: The selective nature of 
biomembranes in respect of permeability of ions as well as of the mechanism of 
diffusion of varied nature involving "gates" and "channels,' as stated above, enthused 
curiosity to look into some of aspects of diffusion across these membranes. For this 
purpose, fresh membrane was to be obtained daily in the early hours of the day from 
the slaughterhouse. The approximate age of young buffalo was expected to be between 
18-24 months or so. However, the animal of the prescribed age seemed a remote 
possibility. Consequently, the precision with which even the range of 18-24 months 
was to be ascertained was grossly lacking. In addition, the number of available pores 
and their size could have a reasonable range even if the animal of the desired precise 
age could have been obtainable. Under such circumstances, it seemed appropriate to 
undertake the investigation of transport of ions across a biomembrane. The pericardial 
membrane was selected as a lively representative in view of its significance due to 
heart, one of the most important life-controlling organs of the body. 
EXPERIMENTAL 
The pericardial membrane of buffalo removed immediately after slaughter of 
relatively young (aged between 18-24 months) animal from the slaughter house was 
preserved in ice cold Ringer's solution of about 7.4 ± 0.2 pH in order to prevent the 
decay of membrane tissues. The Ringer's solution had the following composition in 
grams/litre: 
NaCl (9.0), KCl (0.42), CaCli (0.24), glucose (1.00) and NaHCOj (0.15). 
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The membrane piece of adequate/desired size was washed several times with 
double distilled water to remove any traces of ions of Ringer's solution. It was then 
placed between the two halves of the cell compartment provided with platinum 
electrodes. After filling the two halves of the cell compartment with each of the 
electrolytic solutions (NaCl, KCl and Na2HP04) of desired concentration the 
conductances or resistances were recorded with the help of an LCR bridge (Elico, 
Hyderabad). The cell assembly was immersed in a thermostated bath of ± 0.1° thermal 
stability maintained at 25°C. 
RESULTS AND DISCUSSION 
The electrical conductances of electrolytic solutions were recorded as a 
function of concentration. An examination of Tables 1-3 reveals that the conductance 
values show an increase in one of the compartments while a corresponding decrease in 
the other. Such a simple observation may throw some light on the selective nature of 
difftision of one type of ions across the pericardial membrane. As a result of diffusion 
of ions the rate of which is quite fast, the concentration of ions increases in one of the 
cell compartments separated through the pericardial membrane. Similarly, there seems 
to be a sort of maximum capacity of these membranes in permitting the diflhision of 
ions in each of these electrolytic solutions. This is apparent from either very little or 
even no change at all in the conductance values, or in other words, the diffusion of ions 
is quite fast and there seems to be no change after an almost constant value is achieved 
The saturation point thus reached dissuades the incoming ions, which in turn hinder 
their diffusion through the channels of similar electrical charges as on the diffusing 
ions. It, therefore, seems that the repulsive forces experienced by the ions attempting to 
reach near the channels of the pores send them back to the bulk of the solution and 
thereby resulting in an almost no change in the values of ionic conductance. 
Alternatively, similar charges of one type of ions when adhered to the pores may 
initially facilitate the diffusion of ions of opposite charges by attracting them towards 
such a channel. These ions, in turn, are then pushed through such windows towards the 
other side of the membrane due to nearby developed concentration gradient. This may 
be seen to be the case with each of the electrolytic solutions of NaCl, KCl and 
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Na2HP04 (Tables 1-3). In other words, such an examination of these tables reveals that 
the difftision of ions in all the concentrations whether, extremely dilute or relatively 
much concentrated ionic solutions is quite fast. This is true of NaCl, KCl as well as 
those of Na2HP04Solutions. Even though the concentration of these ionic solutions 
taken in the two cell compartments is same, i.e., 1:1 but due to the fast difftision of ions 
through the pericardial membrane, the values of conductance in the two compartments 
attain a ratio close to 1:2 in most of the cases. While in that of Na2HP04 solutions such 
a ratio is little lower and these ratios are maintained throughout the measurement in 
almost all the solutions as apparent from insignificant changes in the conductance 
values of the two sides of the membrane. It is also noteworthy that the conductance 
values recorded using fresh membrane on different days differ from each other even 
though the same concentration of electrolytes was used. In addition, different 
concentrations of such solutions exhibit close values of electrical conductance when 
recorded using fresh membranes on different days. This may seem to be due to the 
inherent difference in the age of the animal as well as due to any other constitutional 
differences which may be a fimction of a number of factors responsible for controlling 
the physical nature of the pores of these membranes. In addition, one may never 
ascertain the precise age of the young buffalo casually known to be -18-24 months' 
old. It therefore, seems that the difference in their age may also contribute to the 
available number of pores as well as to their overall constitution which, control the 
diffiision across the biomembrane. It is noteworthy that, while the aim of this project is 
to study the transport of ions across the bilayer membrane, the experimental material, i. 
e., pericardium is a complex tissue membrane composed of cells and extra-cellular 
matrix. Consequently, measurements of transport across such a membrane would 
therefore be subject to a number of different factors, ranging from diffusion through 
various media to active transport. Resuhs cannot therefore be interpreted in terms of 
any single mechanism involving simple bilayer membranes. Thus, in the light of the 
above preliminary investigations, a thorough study seems essential for reaching a 
quantitative conclusion in respect of the physical processes closely associated with the 
biological fiinctioning and, if possible, the details of mechanisms responsible for such 
processes. 
Preliminary investigation measuring the electrical resistance/conductance 
across the pericardial membrane in dilute aqueous solutions of NaCl, KCl and 
Na2HP04 show that the membrane allows only selective diffusion of ions in such a 
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manner that the alkaU metal ions always diffuse from one side to the other. Such a 
behaviour apparently suggest that the constitution of the surfaces of the two sides of 
the membrane is different which may facilitate the selective diffusion through one-side 
only. Also, the process of diffusion seems quite fast in attaining the stable values of the 
resistance in the two compartments across the membrane, as stated above, even though 
the same concentration of the solution was taken on both the sides of the membrane. 
On the whole it takes few seconds to few minutes in closely varying age groups of the 
animal to attain the resistance ratio of approximately 1:2 on the two sides of the 
membrane (Tables 1-3). 
It is noteworthy that the electrical conductance of dilute solutions of strong 
electrolytes keeps on increasing with increase in solute concentration. However, the 
trend in such increases required a thorough analysis of the available data [76] in order 
to ascertain the extent of variation / increase in conductance values with successive 
increases in salt concentration. For this purpose, the conductance data of mono-, di-, 
and tri-valent metal sahs were plotted as a function of the corresponding salt 
concentration. In case the number of pores in a given piece of biomembrane is equally 
available for diffusion irrespective of the concentration of the salt, the increase in 
conductance is expected to be monotonous. Such a contention is badly shaken if the 
extent of increases in conductance kept on decreasing with the successive increases in 
salt concentration. 
Thus, with a view to getting acquainted with the ionic diffusion across 
biomembranes, the specific conductance values [76] {(Tables 4-18) of aqueous 
solutions of NaF, NaNOs, NaCl, Na2S04, KF, KNO3, KCl, K2SO4, MgCli, FeCb, 
CrCb, CuCl2, C0CI2, MnCl2 and CaCb across the peritoneal membrane of young 
buffalo} were analysed. The overall behaviour of specific conductance of these 
electrolytes as functions of concentration and temperature is displayed in Figures 1-15. 
The conductance values have been found to increase with increase in concentration as 
well as with temperature (15° to 35°C) in all the said cases. 
An examination of each of these plots (Figs. 1-15) shows that the slope of such 
plots (dk/dc in which k and c stand for the specific conductance and concentration, 
respectively) decreases at relatively higher concentrations compared to those of 
extremely dilute solutions. Also, such slopes keep on increasing with increase in 
temperature as one may envisage. For more details, each of the plots at different 
temperatures were analysed by linearly fitting the maximum number of data points to 
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regression equation and connecting the linear plot with the minimum number of 
ignored points with dotted line. For example, in the case of NaF at 15°C the behaviour 
is displayed in Fig 1(a) in which the parameters obtained are: A (intercept)=0.0529, B 
(slope)=35.64, R=0.999, SD=0.048, N (number of data points)=7 and P is less than 
0.0001. This best-fit plot was obtained by considering all the data points except the last 
one for 0.2 mol/litre concentration (Table 1) which was ignored fi^om the simple linear 
fit or best-fit. In case, in addition to ignoring the specific conductance value at 0.2 M, 
the value at 0.01 M was deleted ahogether, the intercept value was improved a little 
bit. That is, it decreased fi-om 0.05 to 0.03 [Figs, l(a-i) and l(a-ii)], a value a little bit 
closer to zero (since the intercept should have been zero). Furthermore, when 
polynomial of order 2 was applied in best fitting all the data points except those for 
0.01 and 0.2 M concentrations the intercept value turned out to be 0.0215, again 
approaching somewhat closer to zero. However, if all (except that at 0,01 M) the data 
points were considered in the best-fit using a polynomial of order 2, the intercept value 
was found to be -0.029. This plot also predicted a rapid decrease in the conductance 
values with further increase in concentration (i.e., > 0.2 mol/lit). This is exactly what 
one may seem to envisage at much higher concentrations when pores seem to be either 
blocked or saturated for diffusion or in other words less pores may be available for 
diffusion. Similarly, the data points at 20°, 25°, 30° and 35°C were examined [Figs. 
1(b)-1(e)]. Similar behaviour was noted in all the cases except that the last two data 
points of higher concentrations were ignored for obtaining the best-fit linear plots. 
Similarly, the plots of NaNOs, NaCl, Na2S04, KF, KNO3, KCl, K2SO4, MgCb, FeClj, 
CrCU, CuCU, C0CI2, MnClj and CaClz were examined in which the last two or three 
data points were ignored for obtaining the best-fit linear plots. In general, the ignored 
data points indicate the fast decreasing trend in the values of specific conductance at 
higher concentrations. An examination of the above Tables 4-18 shows that the 
specific conductance not only increases with an increase in the electrolyte 
concentration but also attains a maximum limiting value at higher concentrations. 
Such a trend has been observed in all the electrolytic solutions under investigation. 
This may be attributed to a progressive accumulation of ionic species within the 
membrane. As such the membrane becomes more and more conductive to incoming 
ions. The tendency to attain a limiting value seems to be due to the fact that an 
electrically neutral pore, which is specific for a particular ion is unlikely to contain 
more than one type of ion. Consequently, at high electrolyte concentration, the pore 
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saturates and the conductance approaches a limiting value Also, since the 
biomembranes possess protein, which acts as a carrier, the latter picks up ion on one 
side and then returns for more ions In such a mode, the flow of ions through the 
membrane reaches a saturation value as the concentration of the electrolyte is increased 
as all the carriers in the membrane get themselves bound to the ions The values of 
specific conductance of the above electrolytes follow the sequence for the anions 
S04^ " > Cr > NO3" > F" whereas for the cations the sequence is K^  > Na* > Ca^ ^ > 
Mn^ + >Co^ ^ > Cu^ ^ > Mg^ ^ > Cr'^ > Fe'^ In addition, the dififtision of ions depends 
upon the charge on the membrane and its porosity The membrane porosity in relation 
to the size of the hydrated species diffusing through the membrane appears to 
detwiiiine the above sequence As the diffusional paths in the membrane become more 
difficuh in aqueous solutions, the mobility of large hydrated ions get impeded by the 
membrane framework and the interaction with the fixed charge groups on the 
membrane matrix Consequently, the membrane pores reduce the conductance of small 
ions, which is much hydrated An increase in conductance with increase in 
temperature may be due to the state of hydration, which implies that the energy of 
activation for the ionic transport across the membrane follows the sequence of 
crystallographic radii of ions accordingly 
According to Eyring, the pores in the membranes may be considered as a 
sequence of energy barriers over which the ion has to jump in order to cross the 
barriers in the process of diffiision / transport of ions The Eyring's equation, 
K = (RT / Nh) exp[-AH*/RT] exp[AS*/R] 
based on the theory of absolute reaction rates has been used to explain the said process 
K, R, T, N, h, AH* and AS* stand for the specific conductance, gas constant, 
temperature in Kelvin, Avogadro's number, Planck's constant, enthalpy of activation, 
and entropy of activation, respectively This equation has been found to be suitable for 
explaining the temperature dependence of conductance in all the cases under 
investigation, as apparent from the linear plots of log K Nh/RT versus 1/T A 
representative set of plots for the NaF along with the relevant parameters is given in 
Fig 1 2 and Table 1 9, respectively [76] The AH*/R and AS*fR. were obtained from 
the slope and intercept values, respectively The free energy of activation, AG* and the 
activation energy, Ea were obtained by using their respective relations AG* = AH* -
TAS* and Ea = AH* + RT These resuhs indicate that the permeation of ions through 
-^1 
the membrane giving negative values of AS* suggest that there may be formation of 
either covalent linkage between the penetrating ions and the membrane material or else 
the permeation may not be the rate determining step. On the one hand, a high AS* 
value associated with the high value of Ea for diffusion may suggest the existence of 
either a large zone of activation or loosening of more chain segments of the membrane. 
On the other hand, low value of AS* implies either a small zone of activation or no 
loosening of the membrane structure upon permeation. Based on these considerations, 
Schuler et al. [77], found negative values of AS* for the diffusion of sugar through the 
colloidal membrane, and proposed that in the case of ions the small values of AS* may 
be interpreted as due to the interstitial permeation of the ionic species with the partial 
immobilisation in the membrane, i. e., the small zone of disorder; while Tien and Ting 
[78], who found negative values for the permeation of water through a very thin bilayer 
membrane, suggested that the solution-membrane interface and not the membrane 
itself may be the rate determining intermediary for permeation. Consequently, the 
negative AS* values may be considered as due to the partial immobilisation of ions and 
their interaction with the membrane fixed charge groups. 
Thus, in general the specific conductance of ions across the biomembrane 
varies almost linearly with concentration in the lower concentration range. However, 
sometimes either due to the age factor some of the pores are fiilly or partially blocked 
either as a result of fat deposition or damage caused by some physiological mal-
fimctioning of the system as apparent fi"om the non-linear portion of such plots (Figs, 
la-le). Similarly, a higher salt concentration apparently seems to be responsible for 
either damaging or partially blocking the normal available pores of the membrane as a 
consequence of which less number of ions are allowed to diffuse across the 
biomembrane. This is apparent fi-om the decreasing trend in the slope values of the said 
plots. Such a deduction is reinforced further in view of the values of the computed 
parameters (Table 19). An examination of this table shows that the values of AS* 
increase while those of AH*, Ea, and AF* decrease with successive increases in NaF 
concentration from 0.001 to 0.2 mol/1, and that these values lie in the range: -29.39 to -
25.47 cal mof'deg"', 1.42 to 0.17 k cal/mol, 2.01 to 0.76 k cal/mol, and 10.18 to 7.76 k 
cal/mol, respectively. Similar trend in their behaviour has also been observed in all the 
other electrolytes. In addition, the range of their variation has been found to be very 
close to those of the above corresponding values of NaF [76] as shown in Appendix. 
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APPENDICES 
PARTI 
Densities of NaCl and KCl each m aqueous urea solutions are based on orders 1 and 2 of regression 
equations 
Table A-1 Density of NaCl in aqueous urea as functions of temperature (K) and concentration (m) 
Values based on order 2 
Temp (K) 
298 15 
303 15 
308 15 
313 15 
318 15 
0 1 
10074 
10075 
10065 
10049 
10023 
02 
10139 
10138 
10127 
10109 
10081 
03 
10200 
10197 
10186 
10166 
10136 
04 
10257 
10254 
10241 
10220 
10188 
0/5 
10311 
10307 
10293 
10271 
10238 
06 
10362 
10357 
10342 
10318 
10285 
07 
10410 
10403 
10388 
10363 
10330 
08 
10454 
10446 
10431 
10405 
10372 
09 
10494 
10486 
10470 
10444 
10411 
106 
~i r 
295 300 305 310 315 
Temperature (K) 
106 
320 
295 300 305 310 315 320 
Table A-2: Density of NaCl in aqueous urea system: Based on order 1 of regression equation. 
Temp.(K) 
298.15 
303.15 
308.15 
313.15 
318.15 
Concentration of NaCl in 
0.1 0.2 
1.0134 1.0180 
1.0135 1.0180 
1.0126 1.0170 
1.0108 1.0151 
1.0080 1.0121 
0.3 
1.0226 
1.0224 
1.0213 
1.0193 
1.0163 
molality (m) 
0.4 0.5 
1.0271 1.0317 
1.0269 1.0313 
1.0257 1.0300 
1.0236 1.0278 
1.0205 1.0247 
0.6 
1.0363 
1.0358 
1.0344 
1.0321 
1.0288 
0.7 
1.0408 
1.0402 
1.0387 
1.0363 
1.0330 
0.9 
1.0500 
1.0491 
1.0474 
1.0448 
The above density data were (dotted using Sigma-Plots for orders 1 and 2 of regression equations. 
Both the pLots shown above indicate that the linear as well as the non-linear equations may be treated 
equally good for describing such behaviours. However, in the case of density, linear plots may be 
prderable since the non-linear ones envisage even unexpected trends in the behaviour of density with 
temperature as may be seen in the tables: A-1, A-2, and A-3. 
Table A-3: Density of KCl in aqueous itfea system: 
Temp.(K) 
298.15 
303.15 
308.15 
313.15 
318.15 
Concentration of KCl in molality (i 
0.1 
1.0181 
1.0185 
1.0177 
1.0160 
1.0131 
0.2 
1.0218 
1.0223 
1.0217 
1.0201 
1.0174 
0.3 
1.0256 
1.0262 
1.0257 
1.0243 
1.0217 
0.4 
1.0293 
1.0300 
1.0297 
1.0284 
1.0260 
m) 
0.5 
1.0330 
1.0339 
1.0337 
1.0325 
1.0303 
0.6 
1.0367 
1.0378 
1.0377 
1.0367 
1.0346 
0.7 
1.0405 
1.0416 
1.0417 
1.0408 
1.0389 
0.8 
1.0442 
1.0455 
1.0457 
1.0450 
1.0431 
0.9 
1.0479 
1.0493 
1.0497 
1.0491 
Similar tables of density values very close to those listed in Table A-3 for the KCl-system have been 
obtained using order 1 of the regression equation. 
298.15 
303.15 
308.15 
313.15 
318.15 
1.0192 
1.0179 
1.0167 
1.0154 
1.0142 
1.0229 
1.0218 
1.0207 
1.0196 
1.0185 
1.0266 
1.0257 
1.0247 
1.0237 
1.0228 
Density values of the KCl-system obtained i 
298.15 
303.15 
308.15 
313.15 
318.15 
1.0200 
1.0204 
1.0196 
1.0180 
1.0153 
1.0239 
1.0248 
1.0245 
1.0233 
1.0297 
1.0277 
1.0289 
1.0290 
1.0282 
1.0262 
1.0303 
1.0295 
1.0287 
1.0279 
1.0270 
1.0340 
1.0334 
1.0327 
1.0320 
1.0313 
1.0378 
1.0372 
1.0367 
1.0362 
1.0356 
1.0415 
1.0411 
1.0407 
1.0403 
1.0399 
1.0452 
1.0451 
1.0447 
1.0444 
1.0442 
using order 2 of the regression equation. 
1.0314 
1.0329 
1.0333 
1.0327 
1.0308 
1.0350 
1.0366 
1.0372 
1.0367 
1.0350 
1.0385 
1.0402 
1.0408 
1.0403 
1.0387 
1.0420 
1.0435 
1.0440 
1.0435 
1.0419 
1.0454 
1.0467 
1.0469 
1.0463 
1.0446 
1.0496 
1.0495 
1.0494 
1.0493 
1.0492 
1.0487 
1.0496 
1.0495 
1.0486 
1.0468 
The a-values obtained on the basis of these density values show same order of magnitude for all the 
concentrations at different temperatures. 
The two- as well as the three-parameter equations have been employed for plotting the density 
data of KCl-aqueous urea systeip also. The trend in the behaviour is similar to that shown in the case of 
NaCl-aqueous urea system. 
-| 1 i 1 1 1 \ r 
302 304 306 308 310 312 314 316 318 320 
Temperature (K) 
~i r 
302 304 306 308 310 312 314 316 318 320 
Temperature (K) 
PART-II 
Tabk 1. Conductance values of aqueous solutions of NaCI across both the sides (Left-hand, L, as well as right-hand, R, sides) 
of pericardial membrane as a ftinctioB of concentration (mol / Mt). 
NaCl 
Mol/litre 
00001 
0 0002 
Membrane 
Compartment 
Left-hand side 
Rig}it-hand side 
Conductance 
Left-hand side 
Right-hand side 
Conductance (m 100 .^ mhos) at 
10 mmutes m intervals 
2 4 20 16 21 
4 7 50 46 51 
I (in 100 ii. mhos) at 2 minutes m mtervals 
35 3 8 40 38 
65 70 6 8 6 5 
Conductance (in 1 K) at 2 minutes inta~vals 
2 1 
46 
39 
66 
20 
5 1 
40 
70 
0 002 Left-hand side 
Right-hand side 
12 
2 7 
14 
27 
13 
2 8 
13 
2 8 
13 
2 8 
20 
5 1 
40 
70 
Conductance (m 1 K) recorded at an mta-val of 2 mmutes each 
0001* 
0 001* 
Left-hand side 13 13 11 11 
Right-hand side 2 6 3 2 3 1 3 1 
Conductance (m 100 )x mhos) at 2 minutes intervals 
Left4iandside 33 3 4 4 3 4 4 
Right-hand side 6 7 85 85 9 0 
Conductance (m 1 K) at 2 minutes intervals 
1 1 
3 1 
4 3 
92 
45 
91 
0 02 Left-hand side 
Right-hand side 
83 
19 
83 
20 
86 
19 
86 
19 
85 
19 
84 
19 
40 
82 
86 
19 
Table 2:Conductance vahies of aqueous solutions of potassium ddoride across lioth the sides (Left-hand side and 
rleht-hand side) of pericardial membrane as a ftanction of concentration (mol / Ut). 
Concentration Membrane 
00001» 
0 0001* 
0 001* 
0 01 
01 
0 15 
Left-hand side 
Right-hand side 
Left-hand side 
Right-hand side 
Left-hand side 
Right-hand side 
Left-hand side 
Right-hand side 
Left-hand side 
Ri^-hand side 
Left4iand side 
Right-hand side 
Conductance (m 
81 
17 
55 
12 
89 
15 
35 
70 
16 
57 
1 5 
32 
82 
18 
57 
11 
95 
16 
1 100 ^ mhos) at an mta^al of 2 minutes (Mol/litre) 
40 
7 4 
16 
57 
16 
32 
81 
17 
58 
11 
92 
16 
41 4 3 41 4 0 
7 8 80 72 76 
Conductance (m 1 K) at 2 minutes mta'vals 
16 16 16 16 
56 56 57 58 
Conductance (m 1 K) at 2 mmutes mtervals 
15 15 15 15 
32 32 32 32 
Conductance (m 1 K) at 1 mmute mterval 
86 84 83 82 
18 18 18 18 
Conductance (m 10 K) at 1 mmute mterval 
57 58 57 58 
11 11 11 12 
Conductance (m 10 K) at 1 mmute mterval 
9 3 9 3 90 89 
16 16 16 16 
compartment 
40 
76 
17 
56 
81 
18 
59 
12 
91 
16 
* Conductance values were recorded on different days usmg fresh membranes of different animals 
Table 3: Conductance vahies of aqueous solutions of Na2HP04 across both the sides (Left hand side and right hand side) of 
pericardial membrane as a flmction of concentration (mol / Bt) 
Cone 
(Mol/litre) 
0 0001 
0 001 
001 
01 
Membrane 
compartment 
Left-hand side 
Ri^-hand side 
Left-hand side 
Right-hand side 
Left^iand side 
Right-hand side 
Left-hand side 
Right-hand side 
Conductance m 100 fi mhos for left side and m 
at 2 mmutes mto-vals 
50 
25 
0 7 
22 
51 
82 
4 3 
76 
49 
24 
0 9 
22 
50 4 3 4 7 49 4 8 
2 3 2 3 2 4 2 3 2 3 
Conductance (m 1 K) at 2 mmutes mtervals 
0 85 09 0 65 0 7 09 
22 22 19 18 2 3 
Conductance (m the range of 1 K) at 2 mmutes mta^als 
54 
82 
62 55 54 54 55 
9 7 83 83 83 84 
Conductance (m the range of 10 K) at 1 mmute mterval 
4 3 
76 
4 3 42 4 3 4 3 39 
79 79 8 3 81 82 
Conductance (m the range of 1 K) at 1 mmute each mto^al 
100 
4 8 
2 3 
0 7 
19 
55 
84 
43 
87 
K for 
49 
2 3 
09 
2 3 
56 
86 
45 
87 
right 
4 8 
2 3 
09 
2 3 
56 
86 
46 
86 
hand 
0 7 
1 8 
56 
86 
42 
90 
0 15 Left-hand side 
Right-hand side 
45 
77 
47 
79 
46 
78 
47 
79 
47 
81 
49 
81 
49 
77 
46 
79 
46 
79 
46 
79 
Tables 4-19 have been taken fromref# 76 forthepurposeof analyses of these data These tables are renumbered here 
Table 4. Values of specific conductance (m Q~ cm~ ) of aqueous solution of NaF across peritoneal membrane as 
flmcttons of concentration and temperature 
Electrolyte (NaF) 
(mol/1) 
Tanperature (°C) 
0 001 
0 002 
0 005 
0 01 
0 02 
0 05 
01 
02 
15 
0 085 
0 095 
0 195 
0 492 
0 734 
187 
3 60 
5 10 
20 
0 086 
0 10 
0 225 
0 574 
0 772 
2 99 
4 50 
6 82 
25 
0 088 
0011 
0 249 
0 622 
0 933 
3 73 
540 
7 16 
30 
0 089 
0 012 
0 285 
0 772 
124 
4 48 
640 
8 04 
35 
0 090 
0 013 
0 345 
0 921 
2 34 
4 98 
7 23 
8 83 
Values of specific conductance (m Q~ cm~ ) of aqueous solution of NaNOs across peritoneal membrane Table S. 
as functions of concentration and temperature. 
Electrolyte (NaNO,) 
(mol/1) 15 20 
Temperature (°C) 
25 
0 001 
0 002 
0 005 
0 01 
0 02 
0 05 
01 
02 
0 088 
0 109 
0 299 
0 640 
0 986 
2 49 
440 
6 03 
0 090 
0115 
0 325 
0 723 
104 
3 73 
5 49 
6 93 
0 091 
0 136 
0 373 
0 862 
132 
4 48 
6 56 
8 24 
30 
0 094 
0 184 
0 448 
0 996 
2 60 
4 86 
7 52 
8 43 
Table 6. Values of specific conductance (m Q~ cm~ ) of aqueous solution of NaCl across peritoneal membrane as 
ftmctions of concentration and temperature. 
Electrolyte (NaCl) 
(mol/1) 
Tempa-ature (°C) 
0001 
0 002 
0 005 
001 
0 02 
0 05 
01 
02 
15 
0 128 
0 179 
0 373 
0 747 
1 49 
4 48 
6 89 
9 21 
20 
0 132 
0 197 
0 407 
0815 
172 
4 87 
7 72 
9 84 
25 
0 155 
0 246 
0 467 
0 996 
2 95 
6 30 
9 53 
10 8 
30 
0 160 
0 279 
0 528 
142 
3 49 
7 29 
10 20 
1120 
35 
0 170 
0 295 
0 621 
2 28 
4 73 
8 32 
10 70 
12 20 
Table 7. Values of specific conductance (m Q~ cm~ ) of aqueous solution of iya2S04 across peritoneal membrane 
as ftmctions of concentration and temperature. 
Electrolyte (Na2S04) 
(mol/1) 
Tanperature (°C) 
0 001 
0 002 
0 005 
001 
0 02 
0 05 
01 
02 
15 
0 179 
0 249 
0 597 
104 
2 79 
4 98 
844 
10 40 
20 
0 204 
0 299 
0 659 
1 51 
3 54 
6 27 
9 96 
10 70 
25 
0 224 
0 345 
0 723 
2 54 
4 49 
6 96 
10 30 
1130 
30 
0 249 
0 408 
0 786 
3 79 
5 39 
7 75 
110 
12 10 
35 
0 269 
0 498 
0 896 
4 94 
6 48 
8 80 
11 80 
13 0 
Table 8. Values of specific conductance (m Q' an ) of aqueous solution of KF across peritoneal membrane as 
flmctlons of concentration and temperature. 
Electrolyte (KF) 
(mol/1) 
Temperature (°C) 
0 001 
0 002 
0 005 
001 
0 02 
0 05 
0 1 
02 
15 
0 095 
0 132 
0 320 
0 597 
0 933 
195 
4 98 
6 19 
20 
0 096 
0 140 
0 345 
0 689 
107 
3 20 
5 60 
6 72 
25 
0 097 
0 149 
0 373 
0 772 
132 
3 73 
6 40 
7 50 
30 
0 098 
0 165 
0 448 
0 869 
1 79 
4 48 
7 47 
8 64 
35 
0 103 
0 189 
0 472 
0 996 
2 62 
5 38 
8 53 
9 40 
Table 9. Values of specific conductance (m Q' cm~ ) of aqueous solution of KNO3 across peritoneal membrane : 
ftmctions of concentration and temperature. 
Electrolyte (KNO3) 
(mol/1) 15 20 
Temperature (°C) 
25 30 
0 001 
0 002 
0 005 
0 102 
0 140 
0 373 
0 104 
0 154 
0 448 
0 109 
0 166 
0 482 
0115 
0 179 
0 527 
35 
0 121 
0 205 
0 560 
001 
0 02 
0 05 
01 
02 
0 747 
0 932 
2 99 
7 47 
9 12 
0 845 
128 
4 48 
8 28 
9 79 
0 933 
160 
4 77 
8 90 
10 10 
107 
195 
5 43 
9 28 
10 50 
128 
2 99 
5 60 
10 00 
11 10 
Table 10. Values of specific conductance (m Q' cm~ ) of aqueous solution of KCl across peritoneal membrane as 
ftmctions of concentration and temperature. 
Electrolyte (KCl) Tempa-ature (°C) 
(mol/1) 
0001 
0 002 
0 005 
001 
0 02 
0 05 
01 
02 
Table ll.Values of specific conductance (mU~ cm~ )of aqueous solution of K2SO4 across peritoneal membrane as 
15 
0 128 
0 179 
0 498 
0 896 
154 
4 98 
8 30 
10 10 
20 
0 143 
0 195 
0 527 
0 996 
166 
5 33 
9 26 
11 10 
25 
0 145 
0 213 
0 560 
109 
2 45 
5 60 
9 86 
1140 
30 
0 154 
0 234 
0 640 
1 32 
2 99 
6 40 
10 50 
1170 
35 
0 166 
0 264 
0 700 
179 
3 80 
7 43 
11 10 
12 20 
ftmcttona of concentration and temperature. 
Electrolyte K2SO4 Temperature (°C) 
(mol/1) 
0001 
0 002 
0 005 
001 
0 02 
0 05 
01 
£2 
Table 12.Vdnes of specific conductance (m Q' cm' ) of aqueous solution of M g d j across peritoneal membrane as 
15 
0 140 
0 264 
0 540 
1 12 
2 19 
5 60 
9 96 
12 0 
20 
0 149 
0 295 
0 600 
128 
2 74 
6 14 
11 10 
12 60 
25 
0 154 
0 333 
0 660 
179 
3 50 
6 60 
1160 
13 10 
30 
0 179 
0 373 
0 726 
246 
4 48 
7 39 
12 40 
13 80 
35 
0 213 
0 448 
0 814 
3 83 
5 42 
846 
13 40 
14 60 
ftmctions of cwicentration and temperature 
Electrolyte MgCU Temperature (°C) 
(mol/1) 
0 001 
0 002 
0 005 
0 01 
0 02 
01 
02 
Table 13.Values of specific conductance (m Q~ cm~ ) of aqueous solution of FeClj across peritoneal membrane as 
15 
0 132 
0 204 
0 448 
0 896 
149 
7 32 
8 43 
20 
0 140 
0 224 
0 492 
0 974 
168 
7 96 
901 
25 
0 149 
0 264 
0515 
109 
2 04 
846 
9 43 
30 
0 154 
0 272 
0 546 
138 
2 49 
9 20 
10 00 
35 
0 166 
0 302 
0 605 
1 57 
3 20 
10 10 
1160 
ftmctions of concentration and temperature. 
Electrolyte FeCh Tempa^ure (°C) 
(mol/1) 
0001 
0 002 
0 005 
0 01 
0 02 
0 05 
01 
^_2 
Table 14. Values of specific conductance (m O' cm' ) of aqueous solution of CrCb across peritoneal membrane as 
15 
0 160 
0 249 
0 521 
0 996 
179 
4 98 
7 93 
9 04 
20 
0 172 
0 279 
^ 0 560 
1 19 
2 23 
5 37 
8 30 
9 42 
25 
0 179 
0315 
0 622 
161 
2 69 
5 77 
90 
10 01 
30 
0 204 
0 358 
0 669 
2 19 
3 23 
640 
9 79 
10 80 
35 
0 224 
0 401 
0 747 
3 00 
4 67 
6 79 
10 07 
11 10 
ftmctions of concentration and temperature. 
Electrolyte C1CI3 Temperature (°C) 
(mol/1) 
0 001 
0 002 
0 005 
0 01 
0 02 
0 05 
01 
^J 
Table 15.Valaes of specific conductance (m Q cm' ) of aqueous solution of CuCb across peritoneal membrane as 
ftmctions of conctBtration and temperature 
Electrolyte CuCU Ten^a-ature (°C) 
(mol/1) 15 20 25 30 35 
0 001 0 187 0 204 0 224 0 230 0 240 
0 002 0 320 0 353 0 372 0 410 0 440 
0 005 0 614 0 659 0 700 0 747 0 800 
15 
0 179 
0 299 
0 589 
1 12 
2 24 
546 
8 34 
9 73 
20 
0 187 
0 345 
0 640 
138 
2 99 
5 89 
8 90 
10 20 
25 
0 213 
0400 
0 679 
160 
3 82 
6 69 
9 49 
10 70 
30 
0 224 
0 438 
0 728 
2 39 
4 88 
740 
10 30 
1160 
35 
0 242 
0 553 
0 802 
3 20 
5 37 
821 
10 90 
12 00 
0 01 
0 02 
0 05 
01 
02 
Tabk 16. Values of 
121 
3 20 
6 22 
9 00 
10 20 
specific conductance (m Q~ cm~ ) 
fimctions of concentration and temperature 
Electrolyte CoCh 
(mol/1) 
0 001 
0 002 
0 005 
001 
0 02 
0 05 
0 1 
02 
Table IT.Valoes of 
15 
0 249 
0 373 
0 727 
2 04 
4 67 
7 23 
9 82 
10 90 
specific conductance (m Q' cm~ ) 
fimctions of concentration and temperature 
Electrolyte MnClj 
(mol/1) 
0 001 
0 002 
0 005 
0 01 
0 02 
0 05 
01 
0 2 
Table 18. Values of 
15 
0 280 
0 418 
0 853 
3 94 
5 42 
8 30 
10 30 
1120 
1 56 
3 78 
7 00 
9 90 
1100 
2 19 
4 40 
7 89 
10 60 
1170 
of aqueous solution of C0CI2 across 
20 
0 253 
0 412 
0 768 
2 62 
5 29 
7 86 
10 60 
1170 
Tonpa-ature 
25 
0 262 
0 458 
0 836 
3 60 
5 97 
8 96 
1120 
12 30 
of aqueous solution of MnCIi across 
20 
0 300 
0 451 
0 854 
4 49 
6 10 
8 76 
10 80 
1170 
peritoneal 
(°C) 
peritoneal 
Tempaature (°C) 
25 
0313 
0 470 
0 904 
5 02 
6 53 
9 60 
11 50 
12 30 
specific conductance (m Q' cm~ ) of aqueous solution of CaOi across 
fimctions of concentration and temperature. 
Electrolyte MnCb 
(mol/1) 
0 001 
0 002 
0 005 
0 01 
0 02 
0 05 
01 
02 
15 30 
15 
0 373 
0 516 
0 922 
4 96 
700 
9 86 
1180 
12 60 
Table 19: Entropy, enthalpy, energy and five-energy i 
NaF, mol/1 
0 001 
0 002 
0 005 
0 010 
0 020 
0 050 
0 100 
0 200 
20 
0 382 
0 549 
104 
5 90 
7 80 
10 60 
12 40 
13 20 
if activation [76]: 
AS*, cal mol 'deg' AH*, k cal mol' Ea, k cal mol' 
-22 39 1 42 
-29 17 1 26 
-28 35 120 
-27 60 0 94 
-26 92 0 73 
-25 85 0 42 
-25 53 0 35 
-25 47 0 17 
2 01 
185 
179 
1 53 
132 
101 
0 94 
0 76 
Temp mature 
25 
0 402 
0 602 
132 
6 48 
8 21 
11 10 
12 80 
13 50 
peritoneal 
(°C) 
AF*, k cal mol' 
1018 
9 96 
9 65 
9 17 
8 76 
8 13 
7 96 
7 76 
2 84 
5 00 
8 39 
1150 
12 30 
membrane as 
30 
0 283 
0513 
0 912 
4 32 
6 64 
9 53 
1170 
12 30 
membrane as 
30 
0 324 
0 522 
0 950 
5 68 
7 22 
10 30 
12 20 
13 00 
membrane as 
30 
0 413 
0 630 
184 
7 02 
8 90 
1190 
13 50 
14 20 
3 60 
6 04 
9 47 
12 00 
13 20 
35 
0 300 
0 549 
1 54 
5 02 
7 19 
10 30 
12 50 
13 40 
35 
0 342 
0 564 
102 
6 49 
8 10 
11 10 
13 00 
14 10 
35 
0 434 
0 683 
221 
801 
981 
12 80 
14 40 
